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Abstract 
 
The Agulhas Current is the strongest western boundary current of the Southern Hemisphere. The 
aim of this thesis is to understand the impact of ocean-atmosphere interaction in the Agulhas 
Current on the atmosphere and to investigate its importance for Southern African rainfall. This 
warm Current creates a high temperature gradient with the surrounding ocean, leading to a large 
turbulent flux of moisture from ocean to atmosphere (also called the turbulent latent heat flux). 
The dynamics of ocean-atmosphere interaction above the Agulhas Current and its impact on the 
weather and climate of Southern Africa are not well known. This is due to a) climate reanalyses 
that do not include the Agulhas Current and b) the lack of regional capacity in ocean-atmosphere 
modeling. I use ocean observations, various climate reanalyses, and several satellite remote 
sensing data sets to find out if the new reanalyses (cited below) do represent the intense exchange 
of moisture that occurs above the Agulhas Current and the Agulhas Retroflection region. The 
largest turbulent latent heat flux is found in the Retroflection region in winter, while the lowest is 
off Port Elizabeth in summer. The Climate Forecast System Reanalysis (CFSR) and the Modern-
Era Retrospective analysis for Research and Applications version-2 (MERRA-2) do represent the 
turbulent latent heat flux well when compared to high-resolution satellite data. ERA-Interim 
Reanalysis underestimates the turbulent latent heat flux due to reduced wind speeds. The 
observation-based National Oceanography Centre Southampton (NOCS) is different from the 
satellites and the reanalysis products because its annual cycle is reversed, and NOCS 
underestimates the turbulent latent heat flux compared to the former products. The study of the 
satellite product air-sea turbulent fluxes (SEAFLUX) shows that east of the Agulhas Current, the 
specific humidity difference is the main driver of the annual cycle variations of turbulent latent 
heat flux, while the main driver in the Retroflection is the wind speed and both the specific 
humidity difference and the wind speed in between (around Port Elizabeth). I use high-resolution 
annual mean observations from satellites, atmospheric reanalysis, and the Weather Research and 
Forecasting (WRF) model to show that the warm core of the Agulhas Current drives a band of 
precipitation along the east coast of South Africa when the Current is adjacent to the coast. To do 
that, I conduct a classic modeling experiment with one configuration representing the sea surface 
temperature (SST) of the Agulhas Current relatively well. This WRF experiment reproduces the 
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turbulent latent heat flux well. The second simulation is with SST of the Agulhas Current reduced 
by up to 2°C compared to the first experiment. From a diagnostic of the pressure adjustment 
mechanism, results show that the warm SST of the Agulhas Current enhances the formation of 
coastal precipitation along and above the Current. Finally, I look at the seasonality of ocean-
atmosphere interaction in the Agulhas Current and its impact on Southern African precipitation. 
In winter, the impact of the Agulhas Current is confined to the atmosphere above it and 
mechanisms are similar to those described for annual mean. In summer and autumn, SST 
differences between the two simulations where the Agulhas Current system is more than 25°C, 
leads to differences in geopotential height above the ocean, extending along the eastern coast and 
over the land area. The higher temperature of the control simulation leads to cyclonic circulation 
anomalies and larger moisture flux anomalies from the Agulhas Current to the continent from the 
south. The analysis of the high-level moisture flux indicates that the Agulhas Current influences 
the rainfall and humidity flux of Southern Africa. More moisture flux is then brought inland at a 
higher level. In the northeast of the region, there is an export of moisture anomalies from land to 
the ocean, and an import of moisture anomalies from above the Agulhas Current to the landmass. 
This is due to the wind anomalies between the two simulations. However, the overall result leads 
to more precipitation over the interior of the continent. The study shows that it is important to 
integrate the fine structure of the ocean temperature of the Agulhas Current in modeling studies 
and climate reanalyses. Results of this thesis have implications for the prediction of South African 
weather and climate, and for understanding past and present climate.  
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CHAPTER 1 
 
1 INTRODUCTION 
 
1.1 OVERVIEW OF THE WESTERN BOUNDARY CURRENTS (WBCS) 
 
1.1.1 Description of the WBCs 
 
Subtropical western boundary currents (WBC) are warm, fast flowing, deep and narrow currents 
that form on the western side of ocean basins.  They include the Kuroshio Current, the Gulf Stream, 
the Brazil Current, the East Australian Current, and the Agulhas Current. These oceanic currents 
constitute the western branches of the subtropical gyres and are identifiable in Figure 1.1 by the 
huge amount of the upward ocean surface heat flux released compared to the surrounding water. 
In WBC regions, the low-level atmosphere becomes unstable above warm sea surface temperature 
(SST), due to large sensible and latent heat fluxes. This had been observed globally in regions with 
strong SST gradients: Kuroshio and its Extension (Xie, 2004; Tokinaga et al. 2009; Koseki and 
Watanabe, 2010), Gulf Stream (Chelton et al. 2004; Xie et al. 2004; Minobe et al. 2008; 2010), 
Brazil–Malvinas Currents (Tokinaga et al. 2005), and Agulhas Return Current (O’Neill et al. 
2005).  
The WBCs play a tremendous role in the climate system by carrying warm tropical water to 
the mid-latitudes and by transporting heat and moisture to the atmosphere, affecting storms, 
atmospheric jet streams, as well as ocean carbon uptake (Rouault et al. 2002; Nakamura et al. 
2004; Takahashi et al. 2009; Minobe et al. 2008; Kwon et al. 2010; Nkwinkwa Njouodo et al. 
2018). However, the WBCs  have considerably warmed up over the past twenty years (Wu et al. 
2012; Yang et al. 2016). Wu et al. (2012) show that the enhanced warming of these currents could 
be due to the poleward shift of their mid-latitude extensions and/or intensification in their strength. 
The aim of our study is to assess the impact of the strongest Southern Hemisphere WBC, on the 
regional climate. 
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Figure 1.1: Annual climatology from 1984 to 2009 of the net heat flux (shaded, positive upward) 
from the Objectively Analyzed Air-Sea Fluxes (OAFlux), with the HadISST version 1 (black 
contours) and the NCEP/NCAR wind direction (pink arrows) overlaid (Yang et al. 2016). The grey 
boxes represent the western boundary currents. From top to bottom and from left to right the 
Kuroshio Current, the Gulf Stream, the Agulhas Current, the East Australian Current, and the 
Brazil Current. 
 
1.1.2 Processes affecting the SST variability in the WBC regions 
 
Warm SSTs are good indicators of WBCs at the ocean surface. The SST is relevant for the weather 
and climate measurement, and is retrieved by satellite microwave radiometers, infrared 
radiometers, in-situ moored or drifting buoys, and research or opportunity ships.  Several processes 
cause changes in SST: oceanic advection (via heat fluxes), frontal shifts, Ekman transport and 
Ekman pumping, Rossby waves, the thermocline depth and surface wind or wind stress curl. 
Oceanic advection over the WBCs is marked by the release of heat fluxes from the ocean to the 
atmosphere. Cayan, (1992) showed that the SST anomaly tendency and the monthly heat flux 
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anomalies are significantly correlated over the ocean. They found that anomalous positive fluxes 
(upward) are linked to anomalous cooling, and anomalous negative fluxes to anomalous warming 
of the ocean.  Cayan, (1992) concluded that ocean heat content and SSTs are relevant to determine 
the heat flux anomalies in WBCs with positive local SST (Frankignoul and Kestenare 2002; 
Tanimoto et al. 2003; Park et al. 2005). Thus, the SST variability is huge around regions of strong 
SST gradients along oceanic fronts associated with WBCs (Frankignoul et al. 2001; Nakamura 
and Kazmin, 2003). Nakamura and Kazmin, (2003) observed that the axis of the North Pacific 
subarctic frontal zones was displaced from 42.58°N around 1970 to 40.58°N in the mid-1980s, 
yielding to an SST decrease of around 2°C. For example, the Gulf Stream shift is influenced by 
changes in the North Atlantic Oscillation. It moves north during positive phases of the North 
Atlantic Oscillation (Frankignoul et al. 2001). In the Southern Hemisphere, the strengthening and 
the poleward shift of the Agulhas Current also induce an increase in SST (Yang et al. 2016; Rouault 
et al. 2009; Wu et al. 2012). The SST variability in WBC regions is also induced by the Rossby 
waves through the vertical displacement of the thermocline and the horizontal displacement of the 
WBC’s fronts. This process is at the origin of the observed low-frequency variability of the SST 
and thermocline close to the Kuroshio Extension (Qiu, 2003; Taguchi et al. 2007) and the Gulf 
Stream (Frankignoul et al. 1997; Sturges et al. 1998; Sirven et al. 2002). On the other hand, SST 
variability is affected both by the wind speed and the wind stress curl. Many authors showed using 
satellite observations (Chelton et al. 2001, 2004; O’Neill et al. 2003, 2005; Chelton and Wentz, 
2005; Maloney and Chelton, 2006) a linear relationship between the wind speed perturbations and 
SST perturbations, and between the wind stress curl and the crosswind SST gradient. Moreover, 
Small et al. (2008) found that SST perturbations are linearly related to wind speed change across 
SST fronts mainly for SST perturbations ranging from -1 to 1°C. However, Park et al. (2006) did 
not found a linear relationship between change in wind speed, wind stress curl and SST change 
greater than 1°C across the Gulf Stream. The recent study in the Agulhas region by Rouault et al. 
(2016) reveals that when the wind is enhanced above warm eddies, there is no relationship between 
the enhancement in surface wind speed and the SST perturbations, but the decrease in wind speed 
from the centre to the edge of the eddies downstream, and the SST perturbations are linealy related. 
A summary of the processes affecting changes in SST over the WBCs is in Figure 1.2.  
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Figure 1.2: Summary of the oceanic and atmospheric processes affecting the SST changes in the 
Western boundary current regions (Kwon et al. 2010). 
 
1.2 THE AGULHAS CURRENT AND ITS IMPORTANCE FOR THE CLIMATE 
 
The Agulhas Current is the strongest western boundary current in the Southern Hemisphere 
(Stramma and Lutjeharms, 1997). It flows along the continental shelf of the southeast Africa, from 
about 27°S up to 40°S and retroflects back to the Indian Ocean, in an eastward direction (Bryden 
et al. 2005; Lutjeharms, 2006). Like the Gulf Stream or the Kuroshio, the Agulhas Current is 
marked by intensive heat loss, and sharp sea surface temperature gradient, up to 10°C warmer than 
the surrounding ocean (Fig. 1.3). The greater Agulhas Current system has 3 principal components 
(Fig. 1.3): the core of the Agulhas Current which is about 200 km wide from the shore near 32°S 
(Bryden et al. 2005), or 219 km wide near 34°S (Beal et al. 2015); the Agulhas Retroflection 
region, lying between 16 and 20°E and between 38° and 41°S, with a loop diameter of about 340 
km (Lutjeharms and Van Ballegooyen, 1988); and the Agulhas Return Current that meanders back 
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to the indian ocean (Beal et al. 2011). The core of the Agulhas Current is steered by the shelf break 
(200 m isobath) along the southeast coast of South Africa and is important because of its thermal 
contrast with the surrounding water. 
 
 
Figure 1.3: Sea surface temperature for 23 May 2009, representing the great Agulhas system. The 
Agulhas Current and the Retroflection region are marked by SST between 23 and 25°C, and the 
Agulhas leakage with SST between 18 and 20°C (Beal et al. 2011). 
 
1.2.1 Sources of the Agulhas Current 
 
The sources of the Agulhas Current have been extensively documented. Stramma and Lutjeharms 
(1997) suggested that the mean flow of the Agulhas Current is composed of 25 Sverdrups (1Sv = 
106 m3s-1) from east of Madagascar Current, 35 Sv  due to the recirculation in a subgyre of the 
southwest Indian Ocean south of Madagascar, and 5 Sv contribution of the Mozambique Channel. 
All in all, Stramma and Lutjeharms (1997) calculated the maximum transport of the Agulhas 
Current in the upper 1000 m of the ocean to be 65 Sv, using historical data. Biastoch and Krauss, 
(1999) found a similar result using the Modular Ocean Model, with a 1/3° x 1/3° horizontal 
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resolution, while Beal and Bryden, (1999) estimated that the Agulhas Current transports around 
70 Sv  by using in-situ measurements  by Lowered Acoustic Doppler Current Profilers (LADCP). 
Past studies showed that the Red and Arabian Seas provide some of the Agulhas Current flow 
(Toole and Warren,1993; Valentine et al. 1993; Beal and Bryden, 1997; Beal et al. 2000; 2006). 
Moreover, the study of Beal et al. (2011) revealed that the Agulhas Current takes its sources from 
the subtropical gyre waters, from the Red and Arabian Seas, from the Indonesian throughflow and 
from the equatorial Indian Ocean via the Mozambique Channel eddies and the East Madagascar 
Current. 
The flow of the Agulhas Current is directed by the topography. Upstream, the dominant mode 
of the Agulhas Current’s variability is in the form of large, solitary meanders, called Natal Pulses 
(Lutjeharms and Roberts, 1988; Bryden et al. 2005). Moreover, the Agulhas Current has been 
linked upstream to variation in the Indonesian throughflow and the Pacific El Niño–Southern 
Oscillation (De Ruijter et al. 2005; Le Bars et al. 2013), while downstream it transports warm and 
saline waters into the South Atlantic Ocean (Peeters et al. 2004), forming part of the meridional 
overturning circulation which can influence the climate.  
Our region of study is mainly focused on the Agulhas Current system region (Fig. 1.4). Figure 
1.4 (top panel) illustrates the mean SST derived from the Moderate Resolution Imaging 
Spectroradiometer (MODIS, Kilpatrick et al. 2015) over the period 2003-2007, with the overlaid 
wind direction of the Scatterometer Climatology of Ocean Winds (SCOW, Risien and Chelton, 
2008). SCOW is a climatology from 1999 to 2007. MODIS and SCOW have a different 
climatological period because of the availability of the data. More details are found in Chapter 2. 
The pattern of warm waters (> 22°C) of the Agulhas Current south of Africa, originating in the 
Indonesian throughflow is well defined (Fig. 1.4). The wind speed is landward in this region.  
The leakage of water from the Agulhas Current into the South Atlantic Ocean manifests in the 
eddy corridor, whereby relatively warm water (18 °C < t < 20 °C) extends northwestward from the 
Retroflection region. The 18°C isotherm defines the southern boundary of the meandering 
structure of the Agulhas Return Current. This region is dominated by westerly winds. Colder water 
(< 16 °C) is visible in the Antarctic Circumpolar Current (ACC) to the south and in the Benguela 
coastal upwelling region west of South Africa. Figure 1.4 (bottom panel) shows the mean surface 
geostrophic current field derived from the GlobCurrent data for the period 2003-2007. The core of 
the Agulhas Current that can be up to 219 km wide near 34°S (Beal et al. 2015), with a mean 
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velocity of around 1.5 m.s-1 in the region south of Port Elizabeth is well defined. The Return 
Current, in comparison, displays distinct large-scale meanders and eastward surface currents of 
around 1 m.s-1. 
 
 
Figure 1.4: top) MODIS SST (°C) annually averaged over the period 2003-2007 (background 
colour), with overlaid SCOW wind direction (arrows) (1999-2007),  bottom) GlobCurrent 
geostrophic current speed at 0 m depth (background colour) with overlaid current speed (arrows), 
averaged over the same period as MODIS SST. One arrow represents the mean direction of four 
grid points.  
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1.2.2 Importance of the Agulhas Current 
 
The Agulhas Current is very important for the ocean and climate system. In terms of global ocean 
circulation, Gordon, (1986) was the first to find that the interocean exchange of water between the 
South Indian and Atlantic Oceans could be relevant to maintain the Atlantic surface salinities, 
known as the Agulhas leakage. Later, more studies showed that the Agulhas Current supplies the 
upper branch of the Atlantic Meridional Overturning Circulation (AMOC) through this transport 
of warm and saline water from the Indian to the Atlantic Ocean (Gordon et al. 1992; Donners and 
Drijfhout, 2004; Lutjerhams, 2006). Model experiments suggest that changes in Agulhas leakage 
may impact the strength and stability of the AMOC (Weijer et al. 2002; Knorr & Lohmann, 2003; 
Biastoch et al. 2008). As the Agulhas leakage is relevant to balance the global thermohaline 
circulation (Gordon et al. 1992; Lutjeharms, 2006; Beal et al. 2011), the increase or reduction of 
its strengh will lead to strengthening or weakening the AMOC and the corresponding variations 
of the North Atlantic Deep Water formation (Biastoch et al. 2009; Beal et al. 2011). Moreover, 
large anticyclonic eddies formed due to the Agulhas Return Current are known as the largest in 
the world ocean and are believed to play an important role in the general thermohaline circulation 
(Gordon et al. 1992).  
In addition to the influence of the Agulhas Current on ocean circulation through the Agulhas 
leakage, Lutjerhams et al. (2000) present evidence for upwelling along the landward side of the 
Agulhas Current. This upwelling occurs in a constrained area, centered at Port Alfred (~33.6°S). 
Rouault et al. (2000) suggested two mechanisms for the origin of this local upwelling: the Ekman 
transport in the bottom edge of the Agulhas Current, and a topographically induced upwelling, 
expected when the current passes from a narrow to a wide shelf. Intermittent upwelled waters 
occur more than 40% of the time and change the SST dramatically (Lutjeharms et al. 2000). This 
process can impact nutrient availability, stratification, and primary productivity of the eastern part 
of the Agulhas Bank.  
The Agulhas Current system plays a significant role in the climate, via the Agulhas leakage 
(Gordon, 1992; Beal et al. 2011; Biastoch et al. 2009;), the Agulhas Current (Lutjeharms, 1986; 
Jury, 1993, 1994; Rouault et al. 2000, 2013; Catto et al. 2012), and the Agulhas Return Current 
(Shimada and Minobe, 2011). Lutjeharms et al. (1986) observed a cloud line above the Agulhas 
Current. They concluded that cumulus and stratocumulus clouds unveil the location of the warmest 
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waters due to the Agulhas Current upstream of the Agulhas Retroflection region (Lee-Thorp et al. 
1998; Lutjeharms and Rouault, 2000). However, the impact of the Agulhas Current on the climate 
of South Africa still needs to be fully assessed. Scatterometer wind observations have revealed 
that wind divergence or convergence at the ocean surface are related to SST fronts that are linked 
to ocean currents (Chelton et al. 2004; Xie, 2004; Small et al. 2008). This highlights the importance 
of western boundanry currents (e.g. Agulhas Current) while estimating the surface wind, or the 
mean stress through the current feedback (Chelton et al. 2001; Renault et al. 2016). Over the 
Agulhas region, Renault et al. (2017) show that the current feedback slows down the oceanic mean 
circulation and acts as an oceanic eddy killer. Moreover, over the warm side of the Agulhas 
Current, the turbulent latent and sensible heat fluxes increase considerably (Jury, 1994; Rouault 
and Lee-Thorp, 1996; Rouault et al. 2000; Rouault and Lutjeharms, 2000; Bentamy et al. 2017),  
up to 5 times increase compared to the surrounding ocean (Jury, 1994). As winds blow from cool 
to warm SST, this enhances the turbulent fluxes and destabilize the boundary layer over the warmer 
SST than the cooler SST. This process will increase the vertical mixing, that deepens the boundary 
layer above the warmer SST compared to the cooler SST. 
 
1.3 LITERATURE REVIEW 
 
1.3.1 Impact of the Gulf Stream and the Kuroshio on the regional climate 
 
In the Northern hemisphere, the Gulf Stream and the Kuroshio Current have an impact on the 
climate and weather of the surrounding countries. Patches of low clouds formed over warm 
meanders are observed across the Gulf Stream front (Young and Sikora, 2003). Minobe et al. 
(2008) revealed that the Gulf Stream affects the entire troposphere above it. Using observations, 
reanalysis and an Atmospheric General Circulation Model, they suggested that atmospheric 
pressure adjustments to sharp SST gradients lead to wind convergence at the ocean surface, which 
anchors a band of rainfall along the Gulf Stream. In the corresponding region, upward motion and 
cloud formation unphold up to the upper troposphere as illustrated by Figure 1.5. Kuwano-Yoshida 
et al. (2010) suggested that the model experiments simulate a tight band of precipitation, surface 
wind convergence, and evaporation over the Gulf Stream pathway. However, recent studies 
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propose that the low-level wind convergence and the narrow band of precipitation over the Gulf 
Stream region are the results of interexchange between atmospheric variability and the sharp SST 
front (Parfitt et al. 2016; O’Neill et al. 2017; Sheldon et al. 2017). 
 
 
Figure 1.5: Atmospheric responses in the Gulf Stream region. Rainfall (red shade) and wind 
convergence related to low pressure are formed on the offshore side of the SST front (black dashed 
curve) of the Gulf Stream (green long arrow). Onshore, surface wind divergence associated with 
high pressure occurs (blue shade). Upward motion extends to the upper troposphere (yellow arrow) 
and is related to the upper-level horizontal divergence (blue oval) and high-level clouds (Minobe 
et al. 2008). 
 
Minobe et al. (2010) studied the atmospheric feedback to the Gulf Stream SST front using high-
resolution satellite observation data sets and operational analysis and forecasts. They proposed two 
atmospheric response modes in this region. One in wintertime is a shallow-heating mode 
dominating the Gulf Stream with strong latent heating in the lower troposphere. The other, in 
summertime, is a deep-heating mode over the western side of the Gulf Stream, depicted by latent 
heating in the middle and upper troposphere due to deep convection. As for the Gulf Stream, 
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several studies have been made on the Kuroshio Current. These WBCs are linked to a band of 
concentrated heat and moisture (Kwon et al. 2010) which impact the mean state of the atmosphere 
by allowing frequent formation of cyclones and storm tracks.  
The influence of the Kuroshio and Oyashio Extension on the regional overlying atmosphere 
is shown in Taguchi et al. (2009). They compared monthly high-resolution satellite and reanalysis 
SSTs with historical temperatures. Taguchi et al. (2009) found that the locally enhanced of heat 
fluxes and air temperature at the ocean surface across the frontal zones favour the formation of 
storm track during the winter and the spring. Using satellite observations, reanalysis data sets and 
a regional atmospheric model, Sasaki et al. (2012)  investigated the impact of the Kuroshio Current 
in the East China Sea on the baiu rainfall. They showed that the highest amount of precipitation 
over the Kuroshio is in June. During this period of the year,  the band of precipitation spread out 
over the East China Sea. Thus heavy precipitation  is collocated to the warmer waters of the 
Kuroshio which enhances rainfall in the corresponding region. Locally, the strong oceanic fronts 
created by the Gulf Stream and the Kuroshio are known to increase the height of  MABL, and to 
anchor the low-level baroclinicity (Nakamura et al. 2004). Recent studies present several 
mechanisms to explain the influence of these WBCs on precipitation (Xu et al. 2011; Minobe et 
al. 2008; Sasaki et al. 2012; Parfitt and Czaja, 2016; O’Neill et al. 2017; Vannière et al. 2017). 
However, the influence of the Agulhas Current is less known than that of the Gulf Stream and the 
Kuroshio. 
In the Southern hemisphere, most of the studies to date have encountered the problem of the 
low-resolution of reanalysed climate data sets. For example, the latent heat fluxes measured by 
Rouault et al. (2000) above the Agulhas Current were not well reproduced in models (e.g. the 
National Centers for Environmental Prediction Reanalysis 2 (NCEP2) and the ECMWF second-
generation reanalysis (ERA-40)). The data used by Gimeno et al. (2010) may have caused 
underestimation of the ocean-atmosphere exchanges in the Agulhas region, due to a low spatial 
resolution (2.5° x 2.5°) in both model and reanalysis. Nevertheless, Gimeno et al. (2010) presented 
the Agulhas Current region as a moisture source for South Africa (Fig. 1.6).  
  
12 
  
 
Figure 1.6: Climatological annual vertically integrated moisture flux divergence (mm/yr). Areas 
inside the red contour lines indicate moisture source regions for the continent (Gimeno et al. 2010). 
The Agulhas Current is a source of moisture for South Africa. 
 
1.3.2 Impact of the Agulhas Current on the regional climate 
 
The climatic influences of Agulhas Current have probably been tremendous for the existence of 
Homo sapiens in Africa in the Middle ages (Marean et al. 2007). Substantial turbulent latent heat 
fluxes (as known as turbulent flux of moisture), as well as marine boundary layer modification, 
have been measured above the core of the Agulhas Current, the Retroflection region and the 
Agulhas Return Current (Mey et al. 1990; Lee-Thorp et al. 1999; Rouault et al. 1995, 2000, 2003; 
Rouault and Lutjeharms, 2000). These measurements show that the turbulent latent heat flux is 
higher in the Agulhas Current system compared to the surrounding ocean. Rouault et al. (2002) 
provided evidence that low-level moisture from the Agulhas Current played a major role in the 
development of a convective storm and associated tornado across the southern part of South Africa. 
They hypothesed that moisture produced over the Current was associated to an extreme weather 
system. In addition, the Agulhas Current has considerably warmed up since the 1980s, which has 
increased the transfer of moisture from the ocean to the atmosphere (Rouault et al. 2009). 
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Moreover, Gimeno et al. (2010) showed that the core of the Agulhas Current system is a source of 
moisture for Southern Africa (Fig. 1.6). The core of the Agulhas Current that is about 200 km wide 
from the shore near 32°S (Bryden et al. 2005) is important because of the SST difference between 
the Agulhas Current and the surrounding water. This thermal contrast leads to a five-fold increase 
in turbulent fluxes compared to the surrounding ocean. Radiosondes launched during the Agulhas 
Current air-sea exchange experiment (ACASEX) cruise show that the core of the current produces 
a wall of moisture (Rouault et al. 1995, 2000; Lee-Thorp et al. 1999) that can reach up to 2000 m 
above the Agulhas Current. This flux of moisture is directed towards the coast when the wind 
blows from the Agulhas Current to the coast (Jury et al. 1997; Lee-thorp et al. 1999; Rouault et 
al. 2000). Cloud lines above the Agulhas Current are the results of the strong exchange of moisture 
occurring in this region at the time of fair-weather (Rouault et al. 1995, 2000; Lutjeharms et al. 
1986; Lutjeharms and Rouault, 2000). A major issue in the Agulhas Current region is the 
underestimation of the latent heat fluxes estimated over the Agulhas Current. In this region, the 
heat fluxes were not well reproduced in first-generation climate reanalyses (NCEP1, Kalnay et al. 
(1996), and ERA-40 (Uppala et al. 2005). However, recent reanalyses like the Climate Forecast 
System Reanalysis (CFSR, Saha et al. 2010), the Modern-Era Retrospective analysis for Research 
and Applications version 2 (MERRA-2, Gelaro et al. 2017) are now available at a higher 
resolution. Similarly, numerous new air-sea interaction data sets derived from satellite remote 
sensing such as SEAFLUX ((air-sea turbulent fluxes), Curry et al. 2004) have been produced at a 
resolution that allows a good representation of the Agulhas Current.   
In addition to the impact of the Agulhas Current on heat fluxes, few studies found an influence 
of this warm western boundary current on South Africa rainfall. They suggested that precipitation 
along the eastern coast of South Africa is influenced by the vicinity of the Agulhas Current (Jury 
et al. 1993; Rouault et al. 2013). Reason, (2001) investigated the climatic effect of the greater 
Agulhas Current on South Africa region, but the author used a low-resolution model. Jury, (2015) 
suggested that the El Niño–Southern Oscillation, the Southern Africa rainfall, and the SST are 
related, by considering the Agulhas Current system as a whole. As for the latent heat fluxes, former 
climate reanalyses (ERA-40, NCEP2) were not accurate  to properly study the climatic impacts of 
the western boundary currents, because of they coarse horizontal resolution (Rouault et al. 2003; 
Rouault & Lutjeharms, 2003). Meanwhile, recent studies recommend that for the investigation of 
ocean-atmosphere interaction over WBCs, it is better to have a model with a spatial resolution of 
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at least 0.25° x 0.25° (Smirnov et al. 2015; Parfitt et al. 2016). Several processes are suggested to 
explain the role of the Gulf Stream and the Kuroshio on precipitation. However, the impact of the 
Agulhas Current on the Southern Africa rainfall is not well known compared to that of the Gulf 
Stream and the Kuroshio Current. 
 
1.4 OBJECTIVES AND OUTLINE OF THE THESIS 
 
1.4.1 Aims of the study 
 
The climatic impact of the strongest WBC of the southern hemisphere on South Africa has been 
studied using coarse resolution satellite data sets and/or reanalyses (Rouault et al. 2003; Reason, 
2001; Gimeno et al. 2010). Thus these were not able to take into account the impact of the core of 
the Agulhas Current that can be up to 200 km wide, with a speed of 1.5 m.s-1. However, the new 
generation of satellite data sets and climate reanalysis integrate the core of the Agulhas Current. 
The use of this new version of data will lead to improvements in the weather, climate prediction, 
and services for South Africa. The aim of this study of air-sea exchange above the Agulhas Current 
is divided into two parts: 
• Provide an improved understanding of ocean-atmosphere interaction in Southern 
Africa at relevant spatial and temporal scales; 
• Investigate the impact of the Agulhas Current on Southern Africa rainfall, on a seasonal 
and annual timescale. 
 
1.4.2 Outline of the thesis 
 
I will use the new generation of high-resolution satellites and reanalyses data sets that integrate 
the effect of the core of the Agulhas Current. Moreover, I will analyse the outputs of the Weather 
Research and Forecasting model (WRF, Skamarock and Klemp, 2008), version 3.7.1 to investigate 
the influence of the Agulhas Current on rainfall. My study will be structured as follow: 
  
15 
  
• Chapter 2 will give an overview of satellites, observations and reanalyses data sets used 
for this study, as well as a description of the atmospheric WRF model used. The 
methods applied to reach my objectives will be detailed in this part. 
• Chapter 3 will document the ocean-atmosphere interactions above the Agulhas Current, 
with a focus on the representation of latent heat flux by numerous sets of products. In 
this section, I will intercompare the first and second generation of climate data sets, by:  
1) exploring whether the new climate reanalyses and satellite-derived data sets adequately 
represent the high latent heat flux (LHF) or exchange of moisture above the Agulhas Current,  
2) examining the magnitude of uncertainties in the basic parameters used to derive the LHF, and  
3) quantifying the annual cycle of the LHF and its drivers in the Agulhas Current system. This 
chapter will be relevant for choosing a good high-resolution reanalysis for the next study.  
• Chapter 4 will access using a set-of-art data, and a numerical model experiments how 
the warm waters associated with the Agulhas Current affects the regional precipitation 
and the associated low-level atmosphere, east of South Africa on an annual timescale. 
The WRF numerical model will provide two simulations: the control run driven with 
high-resolution observed SST and a sensitivity experiment driven with a smoothed SST 
in order to remove the sharp SST gradients associated with the Agulhas Current. This 
second experiment is otherwise identical to the control run. This chapter has been 
published in Nkwinkwa Njouodo et al. (2018). 
• Chapter 5 will be similar to the previous study but on a seasonal timescale. This section 
will have an overview of the period of the year when the rainfall is at the maximum or 
minimum over the southern Africa, and the mechanisms driving these seasonal 
differences.  
• Chapter 6 will provide a discussion of the results, a summary and suggestions for future 
work.  
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CHAPTER 2 
 
2 DATA AND METHODS 
 
To study the ocean-atmosphere interaction over the Agulhas Current and its impact on South 
Africa weather and climate, numerous sets of high-resolution satellite observations, ship 
observations, high and low-resolution reanalyses are used and compared. The comparison allows 
us to quantify the differences between products. Moreover, to investigate the impact of the 
strongest western boundary current of the southern hemisphere on precipitation in eastern South 
Africa, we perform and analyse two sensitivity experiments of the Weather Research and 
Forecasting model (WRF, Skamarock & Klemp, 2008). The data and the atmospheric WRF model 
are described in this Chapter. 
 
2.1 DATA 
2.1.1 Observations 
2.1.1.1 In-situ observations 
 
The National Oceanography Centre Southampton (NOCS, Berry and Kent, 2011) version 2 data 
set is analysed. NOCS is based on Voluntary Observing Ship (VOS) and is obtained from the 
International Comprehensive Ocean-Atmosphere Data Set (ICOADS) (Woodruff et al. 1987; 
Berry and Kent, 2009, 2011). This product is presented on a 1° x 1° spatial grid and uses optimal 
interpolation (OI) of daily estimates of ship data from 1973 to 2006. The interpolation method is 
essentially based on the approach developed by Reynolds and Smith (1994) and by Lornec (1981). 
The wind speed over the oceans is estimated visually by the VOS from anemometers (Berry and 
Kent, 2011) or using the Beaufort Equivalent Scale (Thomas et al. 2008). To have the same 
climatology as the anemometer winds, the WMO1100 is used thereafter to correct the visual wind 
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reports. Surface meteorological fields have been adjusted to account for varying measurement 
heights and for known biases. For example, the anemometer observations were adjusted to a 
standard reference height of 10 m using the bulk formulae and parameterizations of Smith (1980, 
1988). To measure the SST, the water samples were collected using a bucket or from the engine-
intake measurement (ERI). Buckets can have a cold bias when there is heat loss from the water 
sample. ERIs can have a warm bias due to the proximity of the intake to the engine (Kent and 
Taylor, 2006). Corrections were applied for the different types of measurements using the method 
given by Josey et al. (1999). Humidity observations were made using wet and dry bulb 
thermometers (Berry and Kent, 2011). The bias method applied is from Josey et al. (1999), after 
being adjusted to 10 m using Smith (1980, 1988). The flux estimates in the NOCS data are based 
on the bulk formulas of Reed, (1977); Clark et al. (1974); Smith, (1980, 1988). A correction 
method is then used to develop the monthly NOCS flux fields (Josey et al. 1999) which is available 
at www.noc.soton.ac.uk/noc_flux/. The monthly mean data set is calculated from daily estimates 
of each variable and the standard deviation of these daily values within each month is also 
presented in the link above. It is important to note that the tropical and the southern oceans are 
poorly sampled. Thus, the uncertainties in these regions are much larger than the interpolation 
uncertainties estimate. This is probably due to the measurement uncertainties included in NOCS 
v2.0 (Berry and Kent, 2011). 
To validate the seasonal precipitation over land, we use the gridded climatology of Hewitson 
and Crane (2005) based on observations. This climatology of South African precipitation is a high-
resolution climatology (0.1° x 0.1°) of gridded-average daily precipitation computed from 1950 to 
2000, using the conditional interpolation method (Hewitson and Crane 2005).  
 
2.1.1.2 Satellite observations 
 
The Moderate Resolution Imaging Spectroradiometer data set (MODIS, Kilpatrick et al. 2015) is 
analysed. MODIS is derived from instruments aboard Terra and Aqua satellites, both part of 
NASA's Earth Observing System. The spatial resolution of MODIS SST is 4 x 4 km and is 
available from June 2002 to the present. MODIS represents the fine spatial structures of the 
Agulhas Current quite well, especially near the coast. MODIS SST has a viewing swath width of 
2.3 km. It views the entire surface of the Earth every one to two days 
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(https://modis.gsfc.nasa.gov/about/). Its detectors measure 36 spectral bands between 0.4 and 14.4 
μm. MODIS is the first spacecraft radiometer to have multiple infrared bands in the mid-infrared 
atmospheric transmission window (Kilpatrick et al. 2015). The Level 2 product is produced daily 
and consists of global day and night coverage every 24 hours. The algorithm used to retrieve the 
SST skin is similar to the Advanced Very High-Resolution Radiometer (AVHRR) algorithm used 
for SST (Kilpatrick et al. 2001). MODIS data is freely available at 
ftp://podaac.jpl.nasa.gov/OceanTemperature.  
Another SST product used is the AVHRR-based Optimal Interpolation Sea Surface 
Temperature (OISST, Reynolds et al. 2007). The daily AVHRR OISST is measured from a single 
sensor and is available on a horizontal grid of 0.25° x 0.25°. OISST extends from late 1981 onward 
and can be freely downloaded from https://www.ncdc.noaa.gov/oisst/.  
The GlobCurrent surface geostrophic current (Johannessen et al. 2016) is another satellite 
product used in this study, to resolve the structure of the Agulhas Current, as shown in Figure 1.4. 
GlobCurrent is a recently released global ocean current product derived from combined Ekman 
and geostrophic current estimates and is available at (http://www.globcurrent.org). GlobCurrent 
extends from 1993 to 2015, with a spatial resolution of 0.25° x 0.25°. Further details of this product 
are provided by Rio et al. (2014) and Johannessen et al. (2016) and validation is found in Hart-
Davis et al. (2018). The former authors found that on average, the GlobCurrent underestimates the 
ocean velocity by around 27% in the Agulhas Retroflection region, but this product could be used 
for the representation of the Agulhas Current. 
The Tropical Rainfall Measuring Mission Precipitation Radar (TRMM PR, (Biasutti et al. 
2012) is a climatology, available from 1998 to 2007. This satellite product is based on the version 
6 of TRMM 2A25 obtained from measurements made with the TRMM PR. A feature of TRMM 
PR is its very high horizontal resolution (0.05° x 0.05°). The data are monthly climatologies from 
daily-mean (Biasutti et al. 2012). The PR has a view swath width of 247 km. The data are retrieved 
up to 123.5 km poleward of 35° latitude, meaning that the PR satellite covers the region 36°N to 
36°S. TRMM PR Climatology is available on 
http://kage.ldeo.columbia.edu:81/SOURCES/.LDEO/.ClimateGroup/.DATASETS/.TRMM_PR/  
The Scatterometer Climatology of Ocean Winds (SCOW, Risien and Chelton, 2008) is used 
as reference for the 10 m wind speed and direction. The relative high-resolution (0.25° x 0.25°) 
resolves the small-scale features that are dynamically important for both the ocean and the 
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atmosphere (Risien and Chelton, 2008). SCOW is a climatology based on 122 months from 
September 1999 to October 2009 that includes the NASA Quick scatterometer (QuikSCAT) data 
set. SCOW can be retrivied at http://cioss.coas.oregonstate.edu/scow/. SCOW wind is based on 
harmonic analyis described in Risien and Chelton, (2008). The authors compared SCOW wind to 
NCEP–NCAR (Kalnay et al. 1996; Kistler et al. 2001) and the ECMWF (Gibson et al. 1997) 
reanalysis winds. They concluded that these reanalyses have a much coarser grid spacing of 2.5° 
and 1.875° respectively, resulting in a poor ability to resolve features at scales below 1000-1500 
km. NCEP and ECMWF reanalyses are often used to force ocean models, and can underestimate 
some basic parameters such as SST, air temperature or wind speed. 
The high-resolution air-sea turbulent fluxes (SEAFLUX, Curry et al. 2004) are used to 
evaluate the LHF in the Agulhas Current region. With a spatial resolution of 0.25° x 0.25°, 
SEAFLUX covers the global ice free ocean and is available from January 1998 to December 2007. 
SEAFLUX benefits from an international effort under the GEWEX and CLIVAR umbrella (Curry 
et al. 2004) and can be downloaded at http://SEAFLUX.org.  This product is three-hourly 
(averaged from 0000-0300Z, 0300-0600Z...) and provides sufficient parameters to calculate the 
turbulent fluxes (fluxes of moisture). It was compared at the global scale with various satellite-
derived products and reanalyses (Chou et al. 2004; Smith et al. 2011). SEAFLUX wind speed is 
an equivalent neutral wind valid at 10 m, based on the Cross-Calibrated MultiPlatform wind and 
the neural network algorithm (Roberts et al. 2010). Moreover, SEAFLUX wind speed is formed 
by assimilation of wind retrievals from SSM/I, TMI, AMSR-E, QuikSCAT, and SeaWinds 
onboard ADEOS-2. NCEP and ECMWF are used to fill in data gaps (Curry et al. 2004). The SST 
is taken from the Reynolds Optimally Interpolated Version 2.0 AVHRR-only, a NOAA SST 
(Reynolds et al. 2007). The air specific humidity is obtained using a neural network algorithm 
based on Roberts et al. (2010). This parameter is valid at 10 m above the sea surface. The final 
value of the LHF is computed using the bulk algorithm developed by Fairall et al. (2003) for 
TOGA COARE3.0. A general discussion of SEAFLUX product is given in Curry et al. (2004). 
The last satellite flux product used is the third version of the Hamburg Ocean Atmosphere 
Parameters and Fluxes (HOAPS3, Clayson et al. 2013). The HOAPS3 (0.5° x 0.5°) provides fields 
of turbulent heat fluxes over the global ice-free ocean, and covers the time period July 1987 to 
December 2005. It is a completely reprocessed data set (Andersson et al. 2010; 2011). The 
HOAPS3 wind speed is based on the neural network approach, and is measured at 10 m. The 
  
20 
  
advantage of this method is to take into account the atmospheric conditions (cloud, clear sky), and 
the non-linearity of the problem. HOAPS3 SST is based on the AVHRR Oceans Pathfinder SST 
(Casey 2004). Thus, the AVHRR day and night-time data are averaged to daily mean SST maps. 
The HOAPS3 specific humidity at the sea surface is calculated from the saturation humidity, using 
the Magnus formula (Murray, 1967). The air specific humidity at 10 m is computed using the 
method given by Bentamy et al. (2003). 
 
Type In-situ 
observation 
Satellite 
 
Product NOCS 
(Berry 
and 
Kent, 
2011) 
Climato 
logy of 
Hewitson 
and Crane 
(2005)  
MODIS 
(Kilpatrick et 
al. 2015) 
OISST 
(Reynold 
et al. 
2007) 
GlobCurrent 
(Johannessen 
et al. 2016) 
TRMM 
PR  
(Biasutti 
et al. 
2012) 
SCOW 
(Risien 
and 
Chelton, 
2008) 
SEAFLUX 
(Curry et 
al. 2004) 
HOAPS3 
(Clayson 
et al. 
2013) 
Horizontal 
resolution  
1°x1° 0.1° x 0.1° 0.04°x 0.04° 0.25°x 
0.25° 
0.25° x 0.25° 0.05°x 
0.05° 
0.25°x 
0.25° 
0.25°x 
0.25° 
0.5°x 
0.5° 
Period 
available 
1973 
2006 
1950 to 
2000 
June 2002 to 
present 
1981 to 
present 
1993 to 
present 
1998 
2007 
1999 
2007 
Jan 1998 to 
Dec 2007 
Jul 1987 
Dec 2005 
Averaging 
period of 
study 
2003 
2006 
1950 to 
2000 
2003 2007 2001 
2005 
2003 2007 1998 
2007 
1999 
2007 
2003 2007 2003 
2005 
SST X  X X    X X 
Geostrophic 
current 
    X     
Precipitation  X    X    
Wind speed X      X X X 
Latent heat 
flux  
X       X X 
Specific 
humidity 
(Qsst) 
 
X 
  
X 
     
X 
 
X 
Specific 
humidity of 
air (Qa) 
 
X 
       
X 
 
X 
Table 2.1: Summary of observation data sets used for the study, along with their original spatial 
grid, the available period, the averaging period and the available sea surface parameters (marked 
by a cross). 
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The heat fluxes of HOAPS3 are calculated from swath retrievals and parameterized using the 
Coupled Ocean-Atmosphere Response Experiment bulk flux algorithm version 3 (COARE3.0, 
Fairall et al. 2003). The monthly HOAPS3 data product is available at http://www.hoaps.org/. A 
recent comparative study of Bentamy et al. (2017) between SEAFLUX, HOAPS3 and some 
products (ERA-Interim, OAFlux) shows large sensible heat fluxes variations south of 40°S in 
SEAFLUX and HOAPS3 compared to other products. They concluded that these large variations 
are indicative of spurious differences in the air-sea temperature difference. A summary of the eight 
satellite products used is given in Table 2.1. 
 
2.1.2 Climate reanalysis 
2.1.2.1 Old generation Reanalysis (1st and 2nd generation) 
 
Two old generation reanalyses are used for the ocean-atmosphere comparison with observations 
and new generation reanalyses. One is the National Centers for Environmental Prediction (NCEP-
DOE) reanalysis version 2 (NCEP2, Kanamitsu et al. 2002), and the other is the ERA-40 reanalysis 
(Uppala et al. 2005) from the European Centre for Medium-Range Weather Forecast reanalysis 
(ECMWF). NCEP2 is a first-generation reanalysis. It has an irregular grid of 1.87° x 1.90° and is 
available from 1979 to present. NCEP2 is an improved version of NCEP1. The improvements 
include an updated model with better physical parameterizations compared to NCEP1. The 
limitation of NCEP2 is its low spatial resolution and the poor representation of the Southern 
Hemisphere. ERA-40 is a second-generation reanalysis product, with a spatial resolution of 2.5° x 
2.5° from September 1957 to August 2002. ERA-40 is the first reanalysis to assimilate satellite 
radiances directly. We use only two parameters of these reanalysis, the SST and the latent heat 
flux, to evaluate whether the new finer-resolution reanalyses have a better representation of the 
Agulhas Current than the low-resolution reanalyses. NCEP2 is provided by the NOAA–CIRES 
Climate Diagnostics Center and is available at http://www.cdc.noaa.gov/. ERA-40 can be 
downloaded at http://apps.ecmwf.int.  
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2.1.2.2 New Generation Reanalysis (3rd generation) 
 
Nowadays, it is recommended to use the 3rd generation reanalysis, to better quantify the air-sea 
interactions. Three reanalysis products are used for this study. The Climate Forecast System 
Reanalysis (CFSR, Saha et al. 2010), the Modern-Era Retrospective analysis for Research and 
Applications (MERRA-2, Gelaro et al. 2017) and the ERA-Interim reanalysis (Dee et al. 2011) 
from the ECMWF. 
CFSR is provided by NCEP and is available from 1979 to 2010 (http://rda.ucar.edu/). CFSR 
is a global coupled atmosphere-ocean-land-sea-ice system and outputs are available at an hourly 
temporal resolution. The horizontal and vertical model resolution is T382 L64 (i.e. around 38 km 
with 64 vertical levels) (Saha et al. 2010). CFSR is based on the Global Forecast System (GFS) 
that is a weather forecast model produced by NCEP. Moreover, CFSR uses the Gridded Statistical 
Interpolation (GSI) data assimilation system for the atmosphere. The oceanic model used is the 
Modular Ocean Model version 4p0d (MOM4p0d, Griffies et al. 2004) at a 0.5° horizontal 
resolution with 40 levels in the vertical to a depth of 4737 m. The CFS model runs on multiple 
processes and uses a parallel programming model MPMD (Multiple Program Multiple Data). 
There are three executable programs: the GFS model, the MOM4 model and the coupler (Saha et 
al. 2010), each program has its own outputs and runs automously. They are linked by the exchange 
of data between them as follows: the GFS runs on the atmospheric time step (3 mins), MOM4 runs 
on a fast sea ice time step (3 mins), and a slow ocean time step (30 minutes), while the coupler 
runs on its own time step and receives data from the GFS and MOM4. CFSR wind speed is 
composed of the SSM/I brightness temperature converted to wind speeds by a neural approach 
(Saha et al. 2010); the scatterometer wind data sets from ESA ERS 1, ESA ERS 2, QuickSCAT 
and the WindSat. These scatterometer winds were assimilated in CFSR but after being degraded 
to 100 by 100 km resolution. CFSR SST used the AVHRR-only product from November 1981 
through May 2002 and is replaced by the AMSR+AVHRR product from June 2002 to present day. 
In addition, CFSR is composed of in-situ ship and buoy SST. Thus, all observations used for CFSR 
SST are bias-corrected with buoy data sets. Missing grid points were filled in via interpolation 
(Saha et al. 2010). The specific humidity in CFSR is an instantaneous passing variable from the 
GFS to the sea ice model. For the specific humidity, CFSR used AQUA-AIRS, AMSU-a, AMSRE 
data and Microwave Humidity Sounder (MHS) instruments. In addition to ocean surface 
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parameters, we use some CFSR atmospheric variables for Chapter 4, such as the horizontal and 
vertical wind velocity from 1000 to 650 hPa. 
MERRA-2 is a NASA atmospheric reanalysis available from 1980 to the present 
(http://disc.sci.gsfc.nasa.gov/uui/search/MERRA-2). This 3rd generation reanalysis replaces the 
original MERRA reanalysis (Rienecker et al. 2011). The data assimilation system for MERRA-2 
is the upgraded version of the Goddard Earth Observing System Model Version 5 (GEOS-5), 
produced in NASA GMAO (Global Modeling and Assimilation Office). It is a 3-dimension 
variational analysis (3D-VAR), with incremental update including aerosol data assimilation. The 
horizontal grid is a native cubed-sphere grid, and outputs are interpolated to 0.62° longitude, with 
0.5° lat., on 72 sigma levels from the surface to 0.01 hPa (Gelaro et al, 2017). A detailed 
description of input observations assimilated in MERRA-2 is given in McCarty et al. (2016). The 
wind data assimilated in MERRA-2 is a combination of SSM/I surface wind speed, ESA ERS-1, 
ESA ERS-2, QuikSCAT and ASCAT (Advanced scatterometer) surface wind vectors. MERRA-2 
wind speed is stability dependent. MERRA-2 SST is a combination data of CMIP mid-monthly 1° 
from 1 January 1980 to 31 December 1981; NOAA OISST daily 0.25° (AVHRR) from 1 January 
1982 to 31 December 2002; NOAA OISST daily 0.25° (AVHRR and AMSR-E) from 1 January 
2003 to 31 March 2006; and OSTIA daily 0.05° from 1 April 2006 to the present. The processing 
of these products into a grid set of daily SST boundary conditions for MERRA-2 is described in 
Bosilovich et al. (2016).  The air specific humidity at 10 m height is estimated as diagnostic outputs 
based on the computed fluxes and transfer coefficients. 
The European Centre for Medium-Range Weather Forecasts (ECMWF, Dee et al. 2011) ERA-
Interim is another 3rd generation reanalysis used for this study. ERA-Interim is a new atmospheric 
reanalysis to replace the 1st generation ERA-40. ERA-Interim provides a 0.75° x 0.75° spatial 
resolution and is available from 1979 to the present day (http://apps.ecmwf.int). The horizontal 
resolution of the data set is approximately 80 km at 60 vertical levels from the surface up to 0.1 
hPa. ERA-Interim is the first reanalysis product to apply the 4D-Var data assimilation scheme. 
The wind speed is directly assimilated in ERA-Interim, compared to ERA-40. A comparison of 
ERA-Interim surface wind speed with QuickSCAT and ERS is given in Dee et al. (2011) from 
1992 to 2002. They found that ERA-Interim wind speed is underestimated by approximately 0.1 
m.s-1 compared to these satellite products.  After 2002, Dee et al. (2011) found an increase of 
ERA-Interim wind speed over the oceans. They suggested that this increase is due to the evolution 
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of the observing system.  ERA-Interim SST is obtained by using the prescribed SST data from 
NCEP 2D-Var (January 1989–June 2001), NCEP OISST V2 (July 2001–December 2001), NCEP 
Real-Time Global (RTG, from January 2002 to January 2009), and Operational Sea Surface 
Temperature and Sea-Ice Analysis (OSTIA from February 2009). ERA-Interim humidity is a 
combination of pilot balloons, aircraft, and radiosondes in extremely cold conditions and at high 
altitude. Thus, the analysis scheme for the specific humidity is developed by Holm, (2003). Table 
2.2 provides an overview of the fifth monthly reanalyses used for this study. 
 
 
Product 
NCEP2 
(Kanamitsu et 
al. 2002) 
ERA-40 
(Uppala et al. 
2005) 
MERRA-2 
(Gelaro et al. 
2017) 
ERA-
Interim (Dee 
et al. 2011) 
CFSR (Saha 
et al. 2012) 
Horizontal 
resolution 
1.90°x 1.87° 2.5°x 2.5° 0.50°x 0.66° 0.75°x 0.75° 0.31°x 0.31° 
Period available 1979 to present Sep 1957 to 
Aug 2002 
1981 to present 1979 to  
present 
1979 to 2010 
Averaging period of 
study 
2003 2007 1997 2001 2003 2007 2003 2007 2003 2007 
Latent heat flux X X X X X 
SST X X X X X 
Wind speed    X X X 
Specific humidity 
(Qsst) 
  X X X 
Specific humidity of 
air (Qa) 
  X X X 
SLP   X X X 
Table 2.2: Summary of climate reanalysis used for the study, along with their original spatial grid, 
the available period, the averaging period and the available sea surface parameters (marked by a 
cross). 
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2.1.3 Atmospheric Model (Weather Research and Forecasting) 
 
The Weather Research and Forecasting model (WRF, Skamarock and Klemp, 2008) system 
version 3.7.1 is forced laterally by the reanalysis ERA-Interim (0.75°, Simmons et al. 2007; Dee 
et al. 2011), that is a 6-hourly reanalysis data set. The model is forced at the surface by the 
Optimum Interpolated Sea Surface Temperature (OISST, 0.25°x0.25°, Reynolds et al. 2007) daily 
data. The model domain is 17°S-43°S and 8°E-52°E (Figure 2.1), and the resolution is 25×25 km, 
with 56 vertical eta-coordinate levels. A relaxation zone is implemented in the first four lateral 
grid points to avoid discontinuity between forcing data and the model. The simulation extends 
from 1st December 2000 to 1st January 2006. The first month is considered as spin-up and only 
the remaining 5 years are analyzed. Two WRF simulations are analysed: a control experiment 
(CTL) with lower boundary condition taken from advanced very high-resolution radiometer 
(Reynolds et al., 2007), and lateral boundary conditions from ERA-Interim reanalysis and a 
sensitivity experiment (SMTH) with smoothed SST boundary conditions but otherwise identical 
configuration. After the successful simulation of the annual and diurnal cycles of rainfall over 
South Africa by a regional climate model (Pohl et al. 2014), we use the following physical 
schemes: the WRF Single-Moment (WSM) 6-class for microphysics scheme (Hong and Lim, 
2006), the Yonsei University parameterization for the Planetary Boundary Layer (PBL, Hong et 
al. 2006) and the Rapid Radiative Transfer Model (Mlawer et al. 1997; Dudhia, 1989) for long 
and shortwave radiative forcing. In addition, the 4-layer NOAH land surface model is active (Chen 
and Dudhia, 2001a; Chen and Dudhia, 2001b). Kain-Fritch scheme (KF, Kain, 2004) is used for 
cumulus convective parameterization. We evaluated the performance of three cumulus convective 
scheme: KF, Betts-Miller-Janjic (BMJ, Betts, 1986) and Grell-Freitas (GF, Grell and Freitas, 
2013) with the same settings of other physical parameterizations with 45 x 45 km horizontal 
resolution. The KF scheme resolved the rain band produced above the Agulhas Current better, as 
well as the whole atmosphere compared to the BMJ and GF schemes. To construct our SMTH 
experiment, we smoothed the SST using a spatial filter based on a 9-neighbour grid method. The 
result at each grid point is a weighted average of the grid point plus the 8 surrounding points. The 
center point receives a weight of 1.0, the points at each side, above and below receive a weight of 
0.5, and corner points receive a weight of 0.3. All 9 points are multiplied by their weights and 
summed, then divided by the total weight to obtain the smoothed value. Any missing data points 
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are not included in the sum; points beyond the grid boundary are considered to be missing. Thus 
the final result may be the result of an averaging with less than 9 points. The difference in SST 
between the CTL and SMTH experiments is seen in Figure 2.1. The WRF model is widely used 
in the community for the study of storms (Kain et al. 2006); low level airstream jets (Storm et al. 
2009); snowfall (Wang et al. 2011); diurnal cycle of rainfall (Rouault et al. 2013; Pohl et al. 
2014)... The validation of WRF is addressed in Chapters 4 and 5. 
 
 
Figure 2.1: Annual climatology of the SST difference between WRF CTL and WRF SMTH. A 
maximum of ~1.5°C is seen in the core of the Agulhas Current.  
 
2.2 METHODOLOGY 
 
The averaging periods of our analysis are from 2003 to 2007 in Chapter 3 and from 2001 to 2005 
in Chapter 4 and 5. The data range from monthly to seasonal and are constrained by the 
availability of satellite data sets. Because products are not available over the same period, we use 
the same common period (5 years) for the averaging in order to have consistent results. The data 
we use in Chapter 3 are the observations NOCS, the satellites data MODIS, GlobCurrent, SCOW, 
SEAFLUX, HOAPS3, and the reanalyses CFSR, MERRA-2, ERA-Interim, NCEP2 and ERA-40. 
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They all have a common period, except for NOCS, SCOW, HOAPS3 and ERA-40 (see Table 2.1). 
The data used in Chapters 4 and 5 are the satellite data sets TRMM PR, OISST, GlobCurrent, 
SCOW, the reanalysis CFSR, and the numerical model WRF. We chose CFSR reanalysis because 
of its good representation of the ocean-atmosphere interaction in the Agulhas region (LHF, wind 
speed, SST), compared to other reanalyses. 
 
2.2.1 Bourassa-Vincent-Wood algorithm 
 
 
Figure 2.2: Mean seasonal differences of wind speed (m.s-1) between Equivalent Neutral wind 
speed and real wind speed calculated using the BVW height adjustment code, for CFSR, MERRA-
2, ERA-Interim and NOCS products: austral summer (DJF), autumn (MAM), winter (JJA) and 
spring (SON). Equivalent Neutral wind speed is between 0.1 and 0.5 m.s-1 more than the 
recalculated real wind speed. 
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Geernaert and Katsaros (1986) defined the equivalent neutral wind speed as the mean wind speed 
observed in a neutral atmospheric stratification. In the case of stable atmospheric stratification the 
equivalent neutral wind is smaller than the real wind, and is larger in an unstable atmospheric 
stratification. Thus, near the ocean surface when the air is stable the wind speed is smaller and 
larger when the air is unstable. 
 
 
Figure 2.3: Mean seasonal differences of air specific humidity (Qa, g.kg-1) between Qa at 2 m and 
Qa at 10 m calculated using the BVW height adjustment code for CFSR and ERA-Interim. Qa at 
2 m is between 0.3 and 0.8 g.kg-1 more than the recalculated Qa at 10 m.  
The new generation reanalysis CFSR, MERRA-2, ERA-Interim and the observation NOCS 
use stability dependent winds. Therefore we re-calculate these winds to equivalent neutral winds 
at 10 m, using the Bourassa-Vincent-Wood neutral (BVWN) algorithm (Bourassa et al. 1999) for 
a better comparison with satellite remote sensing SCOW, SEAFLUX, and HOAPS3 wind speeds 
that are equivalent neutral at 10 m. Note that the real wind may reflect the unstable condition found 
above the Agulhas Current, leading to wind differences at 10 m between neutral and unstable 
conditions. The Bourassa-Vincent-Wood algorithm has an option of calculating both equivalent 
neutral winds and winds based on the air-sea stability. We calculate the seasonal difference 
between the equivalent neutral wind speed and the real wind speed for CFSR, MERRA-2, ERA-
Interim and NOCS (Fig. 2.2). In the Agulhas system, the 10 m equivalent neutral wind speeds for 
CFSR, MERRA-2, and ERA-Interim are up to 0.5 m.s-1 higher than the real wind speeds on 
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average, particularly in the Retroflection region during the austral summer (DJF) and autumn 
(MAM). Meanwhile, the 10 m equivalent neutral wind speed is 0.5 m.s-1 lower for NOCS in the 
retroflection region, and the Agulhas Return Current in winter (JJA) and spring (SON) (Fig. 2.2). 
Moreover, we compute the 2 m specific humidity of air to a height of 10 m using the BVW 
for height adjustment for the reanalyses CFSR and ERA-Interim, because satellite remote sensing 
estimates provide values at 10 m and CFSR and ERA-Interim at 2 m. We calculate the differences 
between the 2 m and the 10 m specific humidity for CFSR and ERA-Interim (Fig. 2.3). These 
differences exhibit a decrease of Qa when the height increases (from 2 to 10 m) for the whole 
domain, specifically along the coast up to 0.8 g.kg-1. In the Southern Ocean and around the 
Benguela upwelling system, the differences range between 0.3 and 0.5 g.kg-1.  
 
 
Figure 2.4: Relationship between SST and the sea surface specific humidity (Qsst). 
 
In Chapter 3, we compare the specific humidity at the sea surface (Qsst) for numerous products. 
Qsst is not available for MODIS and ERA-Interim. Therefore, we calculate MODIS and ERA-
Interim Qsst using the Clausius-Clapeyron relation and their respective SSTs. Qsst and SST are 
linked by the Clausius-Clapeyron relation. For example SSTs of 15, 20 and 25°C correspond to 
saturated specific humidities of around 10.5, 14.5 and 19.5 g.kg-1 respectively (Fig. 2.4). Warmer 
SSTs lead to faster evaporation. 
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2.2.2 Bulk method   
 
The bulk method is used to recalculate the turbulent latent heat flux (LHF) in Chapter 3, to 
evaluate the contribution of the wind speed or the difference in specific humidity. The Bulk 
formula is the product of the surface wind speed (relative to the sea surface) and the difference 
between specific humidity of the air and saturated specific humidity at the temperature of the sea 
surface:  
𝑄𝑒 = 𝜌𝑎𝐶𝐸𝑙𝑣|𝑈 − 𝑈𝑆|(𝑞𝑠𝑠𝑡 − 𝑞𝑎)...........(Eq. 2.1) 
 
Here 𝑄𝑒 is the turbulent LHF; 𝜌𝑎  is the air density; 𝐶𝐸 is the transfer coefficient for water vapor; 
𝑙𝑣 is the latent heat of evaporation; 𝑈 is the surface wind speed; 𝑈𝑠 is the surface current; 𝑞𝑠𝑠𝑡 is 
the surface specific humidity, usually the saturated specific humidity at the temperature of the sea 
surface and 𝑞𝑎 is the specific humidity of air at 10 m. Note that the reanalysis products do not 
account for wind speed relative to the surface current which might lead to incorrect estimation of 
the LHF in the Agulhas Current where the surface current can reach up to 2 m.s-1 (Rouault et al., 
2000, 2003). The satellite products, on the other hand, account for this effect as the wind speed is 
retrieved from estimating the sea roughness which is a direct effect of the relative wind speed 
(Risien and Chelton, 2008). 
 
2.2.3 Pressure ajustment mechanism 
 
The pressure adjustment mechanism (Lindzen and Nigam, 1987; Back and Bretherton, 2009) is a 
dynamical explanation for the wind response to SST, in which SST modifies the marine 
atmospheric boundary layer temperature. Therefore, the resultant pressure anomalies induce 
surface wind convergence over warm SSTs and wind divergence over cool SSTs. Minobe et al. 
(2008) showed the impact of the pressure adjustment mechanism, measured by a relation between 
surface wind convergence and sea level pressure (SLP) Laplacian in the Gulf Stream. They 
proposed that the pressure adjustment mechanism plays a role in producing the observed pattern 
of wind convergence/divergence in the Gulf Stream. A similar study is investigated in Chapter 4. 
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We use a simple Marine Atmospheric Boundary Layer model to investigate the relationship 
between the near surface wind convergence and SLP Laplacian (Lindzen and Nigam, 1987; 
Minobe et al. 2008): 
 
{
𝜀𝑢 − 𝑓𝑣 = −
𝑝𝑥
𝜌0
𝜀𝑣 + 𝑓𝑢 = −
𝑝𝑦
𝜌0
........................... (Eq. 2.2) 
 
where x and y are the zonal and meridional coordinates; u and v are the zonal and meridional 
surface wind (frictional stresses from above the MABL are neglected); 𝜌0 and p are the density 
and pressure in the MABL; 𝜀  denotes the constant damping coefficient; and f represents the 
Corioli’s parameter. Surface wind convergence is linked to the SLP Laplacian by a linear 
relationship,  
−𝜌0(𝑢𝑥 + 𝑣𝑦) = (𝑝𝑥𝑥 + 𝑝𝑦𝑦)
𝜀
(𝜀2+𝑓2)
…… (Eq. 2.3) 
 
SLP and underlying SST are also related (Lindzen and Nigam, 1987) according to 
 
𝜀𝑝 + 𝐻(𝑢𝑥 + 𝑣𝑦) = −𝛾𝑇………………… (Eq. 2.4) 
 
where 𝑇 is the SST, ɣ is a constant, and 𝐻 is the equivalent depth of the MABL. Thus a linear 
relationship between surface pressure and SST may indicate an impact of the ocean on the 
atmosphere. We compare the Laplacian relationship of these two quantities to isolate the strength 
of this relation at the finer scale of the warm core of the Agulhas Current. Recent studies have 
questioned the relevance of this diagnostic model, but it still serves for comparison with previous 
studies of northern hemisphere western boundary currents. 
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CHAPTER 3  
 
3 THE ANNUAL CYCLE OF THE LATENT HEAT FLUX IN THE 
AGULHAS CURRENT SYSTEM 
 
3.1 INTRODUCTION 
 
A large amount of latent heat is released to the atmosphere from the Agulhas Current and its 
Retroflection region. This part of the ocean is considered to be one of the key regions for air-sea 
interactions in the mid-latitudes. Therefore, evaluating latent heat flux (LHF) products and 
understanding mechanisms of annual and seasonal variations in the LHF over the region are 
tremendous. The turbulent heat fluxes are underestimated in models if the resolution does not 
represent the SST field within the core of the current (Rouault et al. 2003). This makes the study 
of the impact of the Agulhas Current on weather and climate of South Africa difficult. Therefore, 
the aims of this study are threefold: (i) to explore whether the new climate reanalyses and satellite-
derived data sets do adequately represent the high LHF or exchange of moisture above the Agulhas 
Current, (ii) to examine the magnitude of uncertainties in the basic variables (wind, SST, surface 
specific humidity) used to derive the LHF; and (iii) to quantify the annual cycle of the LHF and 
its drivers in the Agulhas Current. To do so, we represent the horizontal map of the seasonal cycles 
of various parameters, and the corresponding annual cycles. For the annual cycles, four key 
locations are selected to better quantify maximum and minimum as well as differences in data sets. 
We chose three regions (1° x 1°) within the Agulhas Current system: off Durban (31.5-32.5°E; 30-
31°S) representing the eastern part of the Agulhas Current; off Port Elizabeth (25-26°E; 34.5-
35.5°S), representing the middle of the Agulhas Current and the Retroflection area (19-20°E; 38-
39°S) to the west of the Agulhas Current and one location off Cape Town (16-17°E; 33.5-34.5°S) 
for outlining differences between Agulhas Current and surrounding ocean. These locations are also 
used to help understand the drivers of the LHF in the Agulhas Current.  
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3.2 RESULTS 
 
3.2.1 Seasonal mean and annual cycle of LHF  
 
The seasonal LHF averages derived from the different products (presented in Chapter 2) are 
shown in Figure 3.1 for the Austral summer (December to February -DJF); autumn (March to 
May -MAM); winter (June to August -JJA) and spring (September to November -SON). 
In the Agulhas Current system, the LHF ranges from about 100 to 250 W.m-² with maxima 
during autumn and winter depending on the product. In comparison, the minimum LHF of about 
50 W.m-² is found during summer in the Benguela upwelling region. Towards the colder Southern 
Ocean, the LHF is also low (around 50 W.m-²) for all seasons. The large-scale patterns in the 
seasonal cycle of the LHF for the HOAPS3 and SEAFLUX satellite-based estimates, and the high-
resolution CFSR and MERRA-2 reanalyses products are in fairly good agreement. As HOAPS3 
has missing data along the coast it cannot represent the LHF in the Benguela upwelling region and 
along the Agulhas Current east of Port Elizabeth. The ERA-interim and ERA-40 products have 
similar seasonality but much lower LHF in autumn and winter than the SEAFLUX, HOAPS3, 
CFSR, and MERRA-2 products. NOCS is quite different with a distinct maximum of ~250 W.m-
2 in summer and a minimum in winter (between 125 and 175 W.m-2) above the Agulhas 
Retroflection region.  ERA-40 and NCEP2 do not adequately represent the LHF of the Agulhas 
Current system (compared to others reanalyses products) because they do not have enough 
resolution to represent the Agulhas Current SST as we will see below (see sections 3.2.3, 3.2.4). 
Moreover, ERA-40 and NCEP2 do not reproduce the meandering shape of the Agulhas Return 
Current (Fig. 3.1). 
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Figure 3.1: Seasonal averages of LHF (W.m-²) for SEAFLUX, HOAPS3, CFSR, MERRA-2, 
ERA-Interim, NCEP2, ERA-40, and NOCS, in austral summer (DJF), autumn (MAM), winter 
(JJA) and spring (SON). Black squares represent the four locations taken for the study off Durban 
(31.5-32.5°E; 30-31°S), off Port Elizabeth (25-26°E ; 34.5-35.5°S), Agulhas Retroflection (19-
20°E ; 38-39°S) and off Cape Town (16-17°E ; 33.5-34.5°S). 
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The annual cycles of all the LHF products, except HOAPS3, are shown in Figure 3.2 for the 
four locations off Durban, off Port Elizabeth, in the Retroflection, and off Cape Town. HOAPS3 
is omitted because of the missing data along the coast. There are differences between the LHF 
products both in time and space where their standard errors do not overlap. The standard deviation 
gives an idea of how the amplitude of a time series fluctuates. It is calculated using the MATLAB 
function std for the standard deviation. The annual LHF is between 40 and 260 W.m-² in the 
Agulhas system, and between 40 and 175 W.m-² off Cape Town. Off Durban, the SEAFLUX 
maximum is 230 W.m-² in May; the minimum is nearly 130 W.m-² in January. For the other 
products, the highest LHF values occur between March and June and the lowest values between 
November and February. SEAFLUX, CFSR, and MERRA-2 overlap except in May-June. ERA-
Interim, NCEP2, ERA-40, and NOCS overlap except in May-June and August where ERA-40 is 
smaller. All in all, the CFSR has the highest mean annual value (192 W.m-²) and ERA-Interim the 
lowest (141 W.m-²) (Table 3.1). Off Port Elizabeth the annual cycles are similar (Fig. 3.2). In this 
region, the SEAFLUX product has a maximum in August and a minimum in January. The other 
products have their maximum values between May and August and minima between September 
and February. SEAFLUX, CFSR, MERRA-2, and NCEP2 overlap for each month. From April to 
August ERA-Interim, ERA-40, and NOCS do not overlap with the former products. Lowest values 
in the Agulhas Current system are found off Port Elizabeth in late summer (~100 W.m-²). In the 
Retroflection, the highest value is found in July for all products except for NOCS which has the 
lowest value (~80 W.m-²) during winter but the highest (210 W.m-²) in February. SEAFLUX, 
CFSR, MERRA-2, ERA-Interim and NCEP2 overlap. NOCS does not overlap with the others for 
most of the year and its standard error is quite large compared to other products. All in all, CFSR 
has the highest LHF (217 W.m-²) and NOCS the lowest (141 W.m-²) (Table 3.1). 
Averaging the three Agulhas locations CFSR has the highest LHF; ERA-interim, ERA-40, and 
NOCS have the lowest LHF. Off Cape Town, SEAFLUX is higher than any other product (Fig. 
3.2 and Table 3.1). For the whole year, all the products overlap together except for SEAFLUX 
that overlaps with CFSR and NCEP2 between May and September. To summarize, we find that 
the LHF exhibit roughly similar space and time patterns as found globally by Chou et al. (2004); 
Smith et al. (2011); Bentamy et al. (2017) but with differences in magnitude and phasing of maxima 
and minima.  
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Figure 3.2: Annual cycles of LHF (W.m-²). In Agulhas Current off Durban, off Port Elizabeth, 
Agulhas Retroflection and off Cape Town for SEAFLUX (blue), CFSR (red), MERRA-2 (green), 
ERA-Interim (yellow), NCEP2 (cyan), ERA-40 (purple) and NOCS (black). Shades areas 
represent the standard errors calculated as the standard deviation divided by the square root of the 
number of years.  
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ZONES SEAFLUX CFSR MERRA-2 ERA-
INTERIM 
NCEP2 ERA-40 NOCS 
Off Durban 172.1 192.0 
 
171.1 
 
141.2 
 
150.0 143.0 146.6 
Off Port 
Elizabeth 
175.9 186.2 
 
162.1 
 
134.4 
 
156.9 126.5 135.6 
Retroflection 200.5 216.9 
 
203.4 
 
176.5 
 
214.8 170.3 141.4 
Mean 
Agulhas 
182.8 198.4 178.9 150.7 173.9 146.6 141.2 
Off Cape 
Town 
130.1 109.4 
 
103.5 92.1 
 
100.0 87.3 82.8 
Table 3.1: Annual means LHF (W.m-²) off Durban, off Port Elizabeth, Retroflection region, the 
average of the three Agulhas points, and off Cape Town for seven considered data sets.  
 
3.2.2 Differences of LHF between SEAFLUX and other products 
 
The mean seasonal differences in LHF between the observations, the reanalyses, and the satellite-
based SEAFLUX are shown in Figure 3.3. The LHF products have been re-gridded on the grid of 
SEAFLUX. The differences range within ±70 W.m-², roughly ±38% of the annual mean value of 
SEAFLUX LHF for the three Agulhas locations (Table 3.1). Differences can be positive or 
negative and sometimes have the shape of the Agulhas Current which indicates the problem of 
low-resolution SST. HOAPS3 is around 30 W.m-² lower than SEAFLUX in the Agulhas Return 
Current for each season. The positive differences between CFSR and SEAFLUX (CFSR - 
SEAFLUX) are mostly seen in the Agulhas Current system and reach up to 60 W.m-² during 
summer (DJF). All reanalyses and NOCS underestimate the LHF in the Benguela system by about 
70 W.m-². In the Agulhas Current system along the coast during summer, differences between 
MERRA-2 and SEAFLUX are less than with CFSR. NCEP2 and ERA-40 underestimate the LHF 
along the coast for all seasons, especially during winter with a difference of 60 W.m-². This is due 
to the low-resolution of their SST field as further addressed in the next section. 
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Figure 3.3: Mean seasonal differences of LHF (W.m-²) between the observation-based, the 
reanalysis products, and SEAFLUX product, for the summer (DJF), autumn (MAM), winter (JJA) 
and spring (SON). The products have been interpolated on the grid of SEAFLUX (0.25° x 0.25°). 
 
In summer, NOCS LHF is almost similar to SEAFLUX from off Durban to off Port Elizabeth. 
During winter, the difference between NOCS and SEAFLUX is less than 70W.m-². This could 
indicate that too few Voluntary Observing vessels are taking measurements in the Agulhas Current 
system. Indeed vessels have a tendency to leave the Agulhas Current at the location off Port 
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Elizabeth cruising close to the shore towards Cape Town or they avoid the southwest flowing 
Agulhas Current as much as possible when sailing eastwards towards Durban (Rouault et al. 2009).  
In the coming sections the individual contributions of SST, wind speed and specific humidity 
to the LHF are examined in order to understand the origin of the LHF differences between products. 
 
3.2.3 Seasonal mean and annual cycle of SST 
 
The seasonal SST averages derived from the different products (presented in Chapter 2) are given 
in Figure 3.4 for austral summer, autumn, winter, and spring. With its high-resolution (4 x 4 km) 
MODIS SST is taken as the reference for the comparison of SST. The MODIS SST fields align 
well with the Agulhas Current velocity structure (Fig. 1.4). In the Agulhas Current system (Fig. 
3.4), the SST magnitude ranges from about 18 to 26°C with the maximum during summer (DJF) 
and autumn (MAM) and minimum SST in the Retroflection region in winter (JJA). The large-scale 
patterns of SST for MODIS, SEAFLUX, and HOAPS3 are similar, but HOAPS3 has missing data 
along the coast (Fig. 3.4). CFSR and MERRA-2 have the same horizontal distribution as MODIS. 
ERA-Interim underestimates the SST in the Agulhas Current. NCEP2 and ERA-40 are around 4°C 
less than MODIS along the coast. The low-resolution of these reanalyses is clearly apparent as 
they are not able to adequately resolve the Agulhas Current SST. Moreover, there is a poor 
representation of the meanders of the Agulhas Return Current in SST for NCEP2 and ERA-40. 
NOCS also underestimates the SST in the core of the Agulhas Current.  
The annual cycles of all SST products except HOAPS3 (with quite small standard errors) are 
shown in Figure 3.5 for the four locations of this study. The annual variations of SST are in good 
agreement with MODIS SST with maxima in late summer and minima in late winter. Off Durban, 
MODIS SST ranges between 18 and 28°C. SEAFLUX, CFSR, MERRA-2, ERA-Interim, and 
NOCS are similar to MODIS. NCEP2 and ERA-40 range between 17 and 24°C and they do not 
overlap with other products. From the annual mean, NCEP2 and ERA-40 are respectively 2 and 
4°C lower than MODIS (Table 3.2). 
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Figure 3.4: Seasonal averages of SST (°C) of MODIS, SEAFLUX, HOAPS3, CFSR, MERRA-2, 
ERA-Interim, NCEP2, ERA-40, and NOCS. Black squares represent the four locations taken for 
the study. MODIS SST is the reference for SST. The products have been interpolated on the grid 
of MODIS (4 km x 4 km). 
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Figure 3.5: Annual cycles of SST (°C) off Durban, off Port Elizabeth, Retroflection region and 
off Cape Town for MODIS (black dash), SEAFLUX (blue), CFSR (red), MERRA-2 (green), ERA-
Interim (yellow), NCEP2 (cyan), ERA-40 (purple) and NOCS (black). Shade areas represent the 
standard errors. 
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Off Port Elizabeth, MODIS SST varies between 20 and 25°C. In this region, SEAFLUX, CFSR, 
MERRA-2, and ERA-Interim overlap with MODIS. NCEP2, ERA-40, and NOCS underestimate 
the SST. The annual mean MODIS SST is 22.1°C (Table 3.2). NCEP2 and ERA-40 are 
respectively 2.3 and 2.7°C colder than MODIS. In the Retroflection region, MODIS SST is 
between 16 and 23°C (Fig. 3.5). NOCS SST is underestimated and does not overlap with other 
products for most months. This could explain the lowest value of NOCS LHF in this region. Other 
products do overlap except ERA-40. All in all, the mean annual value of MODIS is 19.9°C, and 
NOCS is the coolest (18.4°C). Off Cape Town, the SST is between 15 and 22°C. All SSTs overlap 
except ERA-40 with a smaller amplitude between February and May. The mean MODIS SST is 
18.3°C (Table 3.2); ERA-40 is 17.5°C (the coolest). 
 
ZONES MODIS SEA 
FLUX 
CFSR MERRA-
2 
ERA-
INTERIM 
NCEP2 ERA-40 NOCS 
Off Durban 23.7 24.1 24.2 
 
24.0 23.8 21.7 19.7 23.5 
Off Port 
Elizabeth 
22.1 21.8 21.8 
 
21.4 21.5 19.8 19.4 20.7 
Retroflection 19.9 20.0 20.5 19.5 20.1 19.6 19.4 18.4 
Mean 
Agulhas 
21.9 22.0 22.2 21.6 21.8 20.4 19.5 20.9 
Off Cape 
Town 
18.3 18.8 18.7 18.2 18.5 17.7 17.5 17.8 
Table 3.2: Annual means SST (°C) off Durban, off Port Elizabeth, Retroflection region, the 
average of the three Agulhas points, and off Cape Town. The products are averaged using the 
resampled data on the grid of MODIS (4 x 4 km). 
 
The mean seasonal differences between observations, reanalyses SST and the satellite product 
MODIS SST are shown in Figure 3.6. The SSTs have been re-gridded on the grid of MODIS. The 
differences range within ±3°C, roughly ±14% of the annual mean MODIS SST in the Agulhas 
Current system. The spatial discrepancies between the different SST products and the MODIS SST 
field display the structure of the Agulhas Current that is better resolved in the high-resolution 
MODIS SST. NCEP2, ERA-40, and NOCS have the lowest SST in the Agulhas Current system. 
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This will increase errors for the calculation of Qsst. This could partially explain the lowest values 
of the LHF in this region for the respective products. Differences in SST may also be due to the 
differences between skin and bulk SST as suggested by Chan and Gao (2005). 
 
 
Figure 3.6: Mean seasonal differences of SST (°C) between the observation-based, the reanalysis 
products, and the satellite product MODIS, for the summer (DJF), autumn (MAM), winter (JJA) 
and spring (SON). 
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3.2.4 Seasonal mean and annual cycle of surface wind speed 
 
 
Figure 3.7: Seasonal averages of surface wind speed (m.s-1) of SCOW, SEAFLUX, HOAPS3, 
CFSR, MERRA-2, ERA-Interim, and NOCS. Black squares represent the four locations taken for 
the study. SCOW wind is the reference for the wind speed. Products have been interpolated on the 
grid of SCOW (0.25° x 0.25°).  
 
The seasonal surface wind speed averages from the different products presented in Chapter 2 are 
shown in Figure 3.7 for the austral summer, autumn, winter, and spring. NCEP2 and ERA-40 are 
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not included in the remaining study since their low spatial resolution leads to large errors in SST 
and therefore LHF in the Agulhas Current system. The satellite-based SCOW is used as the 
reference for surface wind speed. SCOW wind speed is clearly stronger above the Agulhas Current 
than in the surrounding water by about 2 m.s-1 due to the impact of the unstable stratification in 
the atmospheric boundary layer, leading to an increase of the near-surface wind speed across the 
warm SST front (Chelton et al. 2004). The wind speed of CFSR, MERRA-2, ERA-Interim, and 
NOCS are re-calculated to equivalent neutral wind using the BVWN algorithm (Bourassa et al. 
1999), for the convenience of comparing results. 
In the Agulhas Current region, the maximum wind speed for all products is found in the 
Retroflection region in winter (JJA). We recall that in winter, the LHF reaches its maximum there 
of around 250 W.m-² (Fig. 3.1). In comparison, the minimum wind speed is encountered in the 
Agulhas Current in summer, corresponding to the minimum LHF there. The large-scale patterns 
in the seasonal cycle of the wind speed for SEAFLUX, HOAPS3, CFSR and SCOW are in fairly 
good agreement (Fig. 3.7). MERRA-2, ERA-Interim, and NOCS misrepresent the meanders of the 
Agulhas Return Current for each season. In autumn (MAM) and winter (JJA), MERRA-2 
overestimates the wind speed in the Southern Ocean compared to SCOW. ERA-Interim wind 
speed is weaker than all other products. In the Agulhas Current, the NOCS maximum is found in 
autumn. In winter, NOCS wind speed appears quite weak compared to other products. This is the 
likely explanation for the low values of the LHF for ERA-Interim and NOCS (~200 and 150 W.m-
² respectively) in the Agulhas Current system.  
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Figure 3.8: Annual cycles of the surface wind speed (m.s-1) off Durban, off Port Elizabeth, 
Retroflection region and off Cape Town for SCOW (black dash), SEAFLUX (blue), CFSR (red), 
MERRA-2 (green), ERA-Interim (yellow), and NOCS (black). Shade areas represent the standard 
errors. 
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The annual cycles of the near-surface wind speed are represented in Figure 3.8. The wind 
speed ranges from 6 to 12 m.s-1. Off Durban, the wind starts to increase in July with a maximum 
in August. All the products are in phase, and their amplitudes overlap except for ERA-Interim that 
is the weakest. Off Port Elizabeth, the wind has larger seasonal variations compared to Durban, 
increasing from March until August. This explains why the annual variations of the LHF are more 
pronounced off Port Elizabeth than off Durban. SEAFLUX is 0.1 m.s-1 lower than SCOW (Table 
3.3). The other products are between 0.2 (MERRA-2, CFSR) and 1.2 m.s-1 (ERA-Interim) lower 
than SCOW. 
 
ZONES SCOW SEAFLUX CFSR MERRA-2 ERA-
INTERIM 
NOCS 
Off Durban 8.7 9.0 9.1 9.0 7.9 9.0 
Off Port Elizabeth 8.9 8.8 8.7 8.7 7.7 8.2 
Retroflection 9.6 9.8 9.6 9.7 8.8 8.9 
Mean Agulhas 9.1 9.2 9.1 9.1 8.1 8.7 
Off Cape Town 8.3 8.1 8.3 8.5 7.6 8.4 
 
Table 3.3: Annual means of surface wind speed (m.s-1) off Durban, off Port Elizabeth, 
Retroflection region, the average of the three Agulhas points, and off Cape Town.  
 
The highest values of the annual cycle of the wind speed are encountered in the Retroflection 
region (Figs. 3.7, 3.8, and Table 3.3). All the products overlap except NOCS between May and 
August. NOCS has some maxima and minima that drive the maxima and minima of the NOCS 
LHF in February, June, and September (Fig. 3.2). The annual mean wind speeds (Table 3.3) in 
the Agulhas Current show that SEAFLUX is 0.2 m.s-1 higher than SCOW; while the other products 
are between 0.1 (MERRA-2)  and 0.8 m.s-1 (ERA-Interim) lower than SCOW. CFSR is equal to 
SCOW. Off Cape Town all the products overlap with SCOW.  ERA-Interim has the weakest wind 
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speed, this could explain its lowest LHF in this region (Fig. 3.3, Table 3.1). To summarize, for the 
mean Agulhas region, SEAFLUX is 0.1 m.s-1 higher than SCOW, CFSR, and MERRA-2 are 
similar to SCOW, ERA-Interim, and NOCS are respectively 1.0 and 0.4 m.s-1 weaker than SCOW. 
 
 
Figure 3.9: Mean seasonal differences of the surface wind speed (m.s-1) between the observation-
based, the reanalysis products, and the satellite product SCOW wind speed, for the summer (DJF), 
autumn (MAM), winter (JJA) and spring (SON). 
 
The mean seasonal differences between the different observations and wind speed reanalysis 
products and the satellite SCOW product are represented in Figure 3.9. The differences range 
within ±2 m.s-1, around ±22% of the mean SCOW wind speed in the Agulhas system. In the 
Agulhas Current region, HOAPS3, CFSR, and MERRA-2 underestimate the wind speed by 0.5 
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m.s-1, compared to SCOW. Meanwhile, ERA-Interim underestimates the wind speed by 2 m.s-1 
particularly in the Agulhas Current system (Figs. 3.8, 3.9 and Table 3.3).   
 
3.2.5 Seasonal mean and annual cycle of specific humidity 
 
 
Figure 3.10: Seasonal averages of the surface specific humidity (Qsst, g.kg-1) for MODIS, 
SEAFLUX, HOAPS3, CFSR, MERRA-2, ERA-Interim, and NOCS. Black squares represent the 
four locations taken for the study. 
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The averages surface specific humidity (Qsst) derived from the different products (presented in 
Chapter 2) are shown in Figure 3.10. ERA-Interim Qsst is computed using the SST and the 
surface pressure of ERA-Interim, and the Clausius-Clapeyron relation. MODIS Qsst is computed 
using MODIS SST, the surface pressure of ERA-Interim and the Clausius-Clapeyron relation. In 
the Agulhas Current region, the maximum SEAFLUX Qsst ranges from around 16 to 20 g.kg-1 in 
summer (DJF) and autumn (MAM) and the minimum is between 14 and 18 g.kg-1 in winter (JJA) 
and spring (SON) (Fig. 3.10). As for the SST field, Qsst decreases poleward and westward 
following the pathway of the Agulhas Current. The Qsst minimum (~ 4 g.kg-1) is observed in the 
Southern Ocean for all seasons. The large scale-patterns in the seasonal cycle of the Qsst for 
MODIS, HOAPS3, and ERA-Interim are similar to SEAFLUX Qsst. From Port Elizabeth to the 
Retroflection region, CFSR and MERRA-2 are in fairly good agreement with SEAFLUX. NOCS 
fails to capture the sharp maximum in the Agulhas Current and the meanders of the Return Current 
region in summer and autumn.  
The specific humidity of the near-surface air (Qa) at a reference height of 10 m is displayed in 
Figure 3.11. Qa is available for the products presented in Chapter 2. The same scale as Qsst (Fig. 
3.10) is kept for a better comparison. CFSR and ERA-Interim Qa are re-adjusted to 10 m using the 
BVW algorithm. Qa is lower than Qsst. The Agulhas Current is not shown as distinctly as it is for 
the SST, Qsst and wind speed. Qa decreases poleward and westward along the pathway of the 
Agulhas Current like Qsst. The large-scale patterns of CFSR and MERRA-2 are similar compared 
to the satellite products in summer (DJF) and autumn (MAM). The Qa maximum is found in 
summer in the eastern part of the Agulhas Current. During winter, the distributions of all products 
are completely different from one to another. In winter and in the Agulhas Current system, Qa 
ranges between 6 and 12 g.kg-1 for SEAFLUX, HOAPS3, CFSR, MERRA-2, and NOCS, while 
ERA-Interim Qa ranges between 6 and 10 g.kg-1. ERA-Interim has the lowest Qa product for all 
seasons which would increase ERA-Interim LHF and compensate for its weaker wind speed in the 
calculation of LHF. 
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Figure 3.11: Seasonal averages of the specific humidity of air (Qa, g.kg-1) for SEAFLUX, 
HOAPS3, CFSR, MERRA-2, ERA-Interim, and NOCS. Black squares represent the four locations 
taken for the study. 
 
3.2.6 Differences between surface and air specific humidity (Qsst – Qa) 
 
According to the bulk formulae (cf. Eq. 2.1, Chap. 2) Qsst-Qa is as important as the near-surface 
wind speed for calculating the LHF. Qsst-Qa ranges between 0 and 8 g.kg-1 which is equivalent in 
the calculation of LHF to a wind speed of 0 to 8 m.s-1. Positives values of Qsst-Qa imply 
evaporation in our study. In the Agulhas Current system Qsst-Qa ranges from 4 to 8 g.kg-1 (Fig. 
3.12). In spite of uncertainties in the Qa, the spatial pattern of the Agulhas Current is relatively 
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well depicted due to Qsst. The satellite-based HOAPS3, the reanalyses CFSR, MERRA-2, and 
ERA-Interim have their maximum Qsst-Qa in autumn (MAM) and winter (JJA) as for SEAFLUX, 
but the large scale-patterns do not completely agree with SEAFLUX. NOCS has the lowest Qsst-
Qa with a minimum in the Agulhas Current in winter. ERA-Interim has the highest Qsst-Qa 
followed by CFSR and MERRA-2.  
 
 
Figure 3.12: Seasonal differences between surface specific humidity and specific humidity of air 
(Qsst-Qa, g.kg-1) for SEAFLUX, HOAPS3, CFSR, MERRA-2, ERA-Interim, and NOCS. Black 
squares represent the four locations taken for the study.   
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Figure 3.13: Annual cycles of the differences between Qsst and Qa (g.kg-1), off Durban, off Port 
Elizabeth, Retroflection region, and off Cape Town for SEAFLUX (blue), CFSR (red), MERRA-
2 (green), ERA-Interim (yellow), and NOCS (black). Shade areas represent the standard errors. 
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The annual cycles of Qsst-Qa for SEAFLUX, CFSR, MERRA-2, ERA-Interim, and NOCS are 
displayed in Figure 3.13 for the four locations of this study. There are considerable differences 
between the products. The maxima are located off Durban, with values ranging from 3 to 9 g.kg-1. 
The SEAFLUX Qsst-Qa maximum is up to 7 g.kg-1 between May and July and decreases thereafter 
to 3.8 g.kg-1 until mid-spring.  SEAFLUX overlaps with CFSR and MERRA-2 from May to 
August, while SEAFLUX, MERRA-2, and NOCS overlap in summer and spring. ERA-Interim 
has the largest Qsst-Qa and does not overlap with other products (Fig. 3.13, Table 3.4).  
 
ZONES SEAFLUX CFSR MERRA-2 ERA-INTERIM NOCS 
Off Durban 5.3 6.3 5.5 7.2 4.7 
Off Port Elizabeth 5.4 5.9 5.3 6.7 4.6 
Retroflection 5.5 6.3 6.0 7.2 4.2 
Mean Agulhas 5.4 6.2 5.6 7.0 4.5 
Off Cape Town 4.3 3.9 3.5 4.9 2.8 
Table 3.4: Annual means of the differences between the surface specific humidity and the specific 
humidity of air (Qsst-Qa, g.kg-1) off Durban, off Port Elizabeth, Retroflection region, the average 
of the three Agulhas points, and off Cape Town. 
 
Off Port Elizabeth the annual cycles of Qsst-Qa range between 4 and 8 g.kg-1. All products 
have a maximum in March. From May to October, SEAFLUX, CFSR, and MERRA-2 overlap. 
ERA-Interim is the highest and NOCS the lowest. In the Retroflection region, Qsst-Qa is between 
3 and 9 g.kg-1 (Fig. 3.12, Table 3.4). SEAFLUX has small annual variations (between 5.5 and 6 
g.kg-1) compared to other products. SEAFLUX overlaps with CFSR and MERRA-2 from June to 
November. As off Durban and off Port Elizabeth, ERA-Interim and NOCS are respectively the 
largest and the smallest. These former products do not overlap with others. NOCS has a maximum 
(6 g.kg-1) in February and a minimum in July (~3 g.kg-1), corresponding to the maximum and 
minimum of NOCS LHF. In the Retroflection area, the reanalyses are higher than the satellite-
based SEAFLUX (Figs. 3.11, 3.12, and Table 3.4). Offshore Cape Town, Qsst-Qa ranges from 2 
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to 5 g.kg-1. In summary, ERA-Interim has the largest Qsst-Qa values while NOCS reveals the 
lowest values. 
The mean seasonal differences of Qsst-Qa between HOAPS3, CFSR, MERRA-2, ERA-
Interim, NOCS and SEAFLUX product are presented in Figure 3.14. The differences range within 
±2 g.kg-1, around ±37% of the mean SEAFLUX Qsst-Qa in the Agulhas system. In this region, 
HOAPS3, CFSR, and MERRA-2 overestimate the Qsst-Qa by around 2 g.kg-1 compared to 
SEAFLUX in summer (DJF) and autumn (MAM), but underestimate Qsst-Qa by ~1 g.kg-1 in 
winter (JJA). ERA-Interim overestimates the Qsst-Qa for all seasons (Fig. 3.14, Table 3.4), while 
NOCS overestimates the Qsst-Qa in summer and underestimates the Qsst-Qa by 2 g.kg-1 in winter. 
 
 
Figure 3.14: Mean seasonal differences of Qsst-Qa (g.kg-1) between HOAPS3, CFSR, MERRA-
2, ERA-Interim, NOCS and SEAFLUX for the summer (DJF), autumn (MAM), winter (JJA) and 
spring (SON). 
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3.2.7 Drivers of the annual cycle of LHF using SEAFLUX  
 
 
Figure 3.15: SEAFLUX annual cycles of LHF (W.m-²) (black) and the recalculated LHF using: a 
monthly climatology wind speed and Qsst-Qa (LHF_clim, blue); a monthly climatology of Qsst-
Qa and the annual mean of wind speed (LHF_Qclim, red), and a monthly climatology of wind 
speed and the annual mean of Qsst-Qa (LHF_Uclim, green) off Durban, off Port Elizabeth, 
Retroflection region and off Cape Town. Shade areas represent the standard errors. 
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In this section, the drivers of the annual cycle of the LHF are studied off Durban, Port Elizabeth, 
Cape Town and in the Retroflection region using the satellite-based SEAFLUX. We are using this 
product because SEAFLUX SST agrees rather well with the MODIS SST field (Figs. 3.4 and 3.5), 
SEAFLUX wind speed also compares well with SCOW wind speed (Figs. 3.7 and 3.8). SEAFLUX 
wind speed ranges between 8 and 12 m.s-1 in the Agulhas Current system, and Qsst-Qa ranges 
between 4 and 7 g.kg-1 (Figs 3.8 and 3.13). Off Cape Town, SEAFLUX wind speed varies between 
7 and 9 m.s-1 with Qsst-Qa ranging between 4 and 5 g.kg-1. To evaluate the contribution of either 
the wind speed or the difference in specific humidity, we recalculated 3 types of LHF using the 
SEAFLUX product (Fig. 3.15) based on Eq. 2.1 (Chap. 2). 
The recalculated LHF are considered with: a) a monthly climatology of wind speed as well as 
a monthly climatology of Qsst-Qa (LHF_clim), b) a monthly climatology of Qsst-Qa and the 
annual mean of wind speed (LHF_Qclim), and c) a monthly climatology of wind speed and the 
annual mean of Qsst-Qa (LHF_Uclim). To recalculate the LHF, we estimate the coefficient 
𝜌𝑎𝐶𝐸𝑙𝑣 (𝑐𝑜𝑒𝑓) of Equation 2.1 as follows:  
 
𝑐𝑜𝑒𝑓 =  
𝑟𝑚𝑠 (𝐿𝐻𝐹)
𝑟𝑚𝑠 (𝐿𝐻𝐹_𝑐𝑙𝑖𝑚)
… … … … (𝑬𝒒. 𝟑. 𝟏) 
 
We find that 𝑐𝑜𝑒𝑓 is around 3.6, with 𝐶𝐸~0.0012 as found by Singh et al. (2005). The authors 
suggested that 𝐶𝐸 values range between 0.00152 and 0.00105 for wind speeds between 2 and 19 
m.s-1. 
The highest value of the LHF is found in the Retroflection area in winter (around 250 W.m-
²) while the lowest LHF is off Cape Town (100 W.m-², in winter) (Fig. 3.15). To illustrate the 
contribution of the wind speed or the specific humidity to the LHF, and to statistically compare 
the initial LHF and the recalculated LHF, we show the correlation coefficients, the ratio of 
variances and the explained variances between LHF and each of the recalculated LHFs (Table 
3.5). The explained variance (𝐸𝑋𝑃𝑣𝑎𝑟) is defined as: 
 
𝐸𝑋𝑃𝑣𝑎𝑟(𝑥) = 100 − 100 × [
𝑣𝑎𝑟(𝐿𝐻𝐹 − 𝐿𝐻𝐹_𝑥)
𝑣𝑎𝑟(𝐿𝐻𝐹)
] … … … … (𝑬𝒒. 𝟑. 𝟐)         
    
 where 𝐿𝐻𝐹_𝑥 is LHF_clim, LHF_Qclim or LHF_Uclim. 
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LHF recalculated Correlation  Ratio (%)  Explained variance (%) 
Off Durban 
LHF_clim 0.99 110 99 
LHF_Qclim 0.96 112 48 
LHF_Uclim 0.10 7 1 
Off Port Elizabeth 
LHF_clim 0.99 109 99 
LHF_Qclim 0.94 45 31 
LHF_Uclim 0.90 22 21 
Retroflection 
LHFclim 0.99 129 95 
LHF_Qclim 0.13 34 2 
LHF_Uclim 0.85 149 45 
Off Cape Town 
LHFclim 0.98 77 95 
LHF_Qclim 0.71 32 20 
LHF_Uclim 0.75 36 22 
Table 3.5: Correlations, ratio of variances and explained variances between SEAFLUX LHF and 
SEAFLUX recalculated LHF off Durban, off Port Elizabeth, Retroflection region and off Cape 
Town. 
 
The recalculated LHF_clim compares well with the initial LHF for all the locations (Fig. 3.15). 
The 𝐸𝑋𝑃𝑣𝑎𝑟 is 99% off Durban and off Port Elizabeth (Table 3.5), while that in the Retroflection 
region and off Cape Town 𝐸𝑋𝑃𝑣𝑎𝑟 is 95% indicating that the recalculated LHF_clim represents 
LHF well, even though its amplitude is smaller than LHF in these regions. This may be due to 
nonlinearities in using monthly climatology. Off Durban, the correlation between LHF and 
LHF_Qclim is 0.96, and the ratio of variances is 112% with 48% of the 𝐸𝑋𝑃𝑣𝑎𝑟 , while the 
correlation between LHF and LHF_Uclim is 0.10, with 7% of the ratio of variances (Table 3.5). 
This result indicates that off Durban LHF and probably the eastern part of the Agulhas Current is 
mostly driven by the monthly climatology of Qsst-Qa. The monthly climatology of the wind speed 
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only explains 1% of the variance.  In the Retroflection region correlation between LHF and 
LHF_Qclim is 0.13, the ratio of variances is 34% and the 𝐸𝑋𝑃𝑣𝑎𝑟 is 2% while the correlation 
between LHF and LHF_Uclim is 0.85 with 149% of the ratio of variances and 45% of the 𝐸𝑋𝑃𝑣𝑎𝑟. 
This result reveals that in this region and probably the West of the Agulhas Current, the LHF is 
driven by the monthly climatology of the wind speed rather by the Qsst-Qa. Off Port Elizabeth and 
off Cape Town, the correlation between LHF and LHF_Qclim as well as LHF_Uclim is more than 
0.71, statistically significant at the 95% level. This result shows that the LHF is driven by the wind 
speed and differences in specific humidity for both regions. 
 
3.3 DISCUSSION AND SUMMARY 
 
In this chapter, the first objective was to investigate whether the recent climate reanalyses (CFSR, 
MERRA-2, ERA-Interim), satellite-based (SEAFLUX, HOAPS3) and in-situ observation-based 
(NOCS) LHF products give a good representation of the intense turbulent flux of moisture that 
occurs above the Agulhas Current. The Agulhas Current is not adequately resolved in the coarser-
resolution by first generation reanalyses (ERA-40 and NCEP2). SEAFLUX compares quite well 
with HOAPS3, but HOAPS3 does not have data along the coast. Therefore, HOAPS3 does not 
represent the Agulhas Current or the Benguela upwelling system adequately. Compared to the 
SEAFLUX LHF, the ERA-40 and NCEP2 LHF fail to represent the structure of the Agulhas 
Current (Figs. 3.1 and 3.3). The new reanalysis products, on the other hand, give a better 
representation of the current. CFSR is relatively similar to MERRA-2 but has higher LHF. 
Between the three new reanalyses, surprisingly ERA-Interim has the lowest fluxes (100-200 W.m-
²). This result was unexpected in view of the higher spatial resolution of the ERA-Interim products 
(0.75° x 0.75°) compared to ERA-40 (2.5° x 2.5°). It is most likely due to its low wind speed 
although the LHF is compensated by large values of Qsst-Qa. The phase of the seasonal cycle of 
the NOCS LHF is reversed in the Retroflection region compared to other products. This might 
indicate that too few vessels pass through the Agulhas Retroflection region to sample the area 
adequately. Another reason for the uncertainties in NOCS is due to measurement uncertainty 
(Berry and Kent, 2011). To conclude, CFSR and MERRA-2 show good representation of the 
Agulhas Current. CFSR reanalysis will be used for Chapters 4 and 5 to investigate the relation 
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between the intense flux of moisture over the Agulhas Current and the weather and climate in 
Southern Africa, and to validate mesoscale atmospheric models such as the Weather Research and 
Forecasting model (WRF, Skamarock and Klemp 2008). 
The second aim of this study was to identify the level of uncertainties introduced by the basic 
parameters (SST, wind, surface specific humidity) used to estimate the LHF (e.g. Eq. 2.1). The 
differences between each product and the reference products from MODIS are calculated for SST, 
SCOW for wind speed and SEAFLUX for Qsst-Qa. CFSR SST is higher than MERRA-2 SST 
compared to MODIS SST. This may explain higher values of the LHF from CFSR compared to 
MERRA-2, as SST is used to compute Qsst. For a better comparison of the wind speed and Qa 
between products, we convert the stability-dependent wind speed (CFSR, MERRA-2, ERA-
Interim, and NOCS) to the equivalent neutral wind speed using the BVWN algorithm (Bourassa 
et al. 1999). The difference between the real wind speed and the recalculated wind speed is 0.5 
m.s-1 maximum. We also readjust the 2 m Qa to 10 m Qa using the BVW algorithm, for CFSR and 
ERA-Interim. This correction removes between 0.3 and 0.8 g.kg-1 to the initial 2 m Qa. Between 
CFSR, MERRA-2, and ERA-Interim, MERRA-2 has the highest wind speed and CFSR the highest 
Qsst-Qa as provided in Tables 3.3 and 3.4. Between CFSR, MERRA-2, and ERA-Interim, ERA-
Interim has the weakest wind speed in the Agulhas system compared to SCOW (Fig. 3.8, Table 
3.3), despite the fact that ERA-Interim wind speed is recalculated using the BVWN algorithm. 
This explains the lowest values of the ERA-Interim LHF. In the Agulhas Current system, CFSR 
and MERRA-2 wind speed are similar. ERA-Interim has the strongest Qsst-Qa compared to other 
reanalyses (Fig. 3.13, Table 3.4). This compensates for the low wind speed in the calculation of 
ERA-Interim LHF but not enough. Qsst-Qa variability is mostly influenced by the variation of Qa. 
The comparison of the nine LHF products by Smith et al. (2011) indicates that in many regions, 
the differences in specific humidity of air between the products have a greater impact than the 
discrepancies in wind speed and SST. The recent study of Bentamy et al. (2017) showed that the 
differences in LHF tend to be strongly related to large differences in surface wind speeds and/or 
specific air humidity.  The differences of LHF can also be explained by the diversity of algorithms: 
different bulk flux algorithms (e.g., Brunke et al. (2003)), different sources of the input 
meteorological state variables (e.g., Curry et al. (2004)), differences in the boundary conditions, 
and differences in the procedures for in-situ data collection.  
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Finally, the annual cycle of the LHF and its drivers in the Agulhas Current system are 
investigated using SEAFLUX. SEAFLUX is used to recalculate the LHF using a climatology Qsst-
Qa and/or wind speed, as it has a high spatial resolution (0.25° x 0.25°) and reliable SST and wind 
speed (Smith et al. 2011). Three locations, representative of various regions of the Agulhas Current 
system (off Durban, off Port Elizabeth and Retroflection) and one point outside the Agulhas system 
(off Cape Town) were selected for the comparison. In the Agulhas Current system, the lowest LHF 
of 100 W.m-² is found off Port Elizabeth in late summer. In contrast, the largest LHF of ~250 W.m-
² is located in the Retroflection region in winter. This is consistent with the analysis of Rouault et 
al. (2003) who showed that large LHF from the Agulhas Current and the Retroflection region occur 
throughout the year but particularly during winter. In the Agulhas Current Retroflection area, large 
values of the LHF are due to the stronger wind speed in the Retroflection region. Correlation 
between LHF and LHF_Uclim is 0.85. Off Durban higher values of the LHF can be explained by 
the difference of specific humidity. In this region, the correlation between the LHF and 
LHF_Qclim is 0.96. Off Port Elizabeth and Cape Town, values of LHF can be explained by the 
combination of Qsst-Qa and the wind speed. To summarize, off Durban, LHF is driven by surface 
specific humidity. In the Retroflection region LHF is mostly driven by the wind speed. Off Port 
Elizabeth it is a combination of the specific humidity and the wind speed.  
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CHAPTER 4 
 
4 ATMOSPHERIC SIGNATURE OF THE AGULHAS CURRENT: 
ANNUAL CYCLE 
 
4.1 INTRODUCTION 
 
Western boundary currents play an important role in the climate system by influencing extra-
tropical storms and oceanic rainfall. However, their coastal influence is less known, particularly 
in the Southern Hemisphere. Using satellite datasets (see Chapter 2), the Climate Forecast System 
Reanalysis (CFSR, Saha et al. 2010), and the Weather Research and Forecasting model (WRF, 
Skamarock and Klemp, 2008), we investigate whether the Agulhas Current is a driver of the 
observed band of rainfall along the south-eastern African coast and above the Agulhas Current. 
The reanalysis CFSR is used because it represents better the ocean-atmosphere interactions above 
the Agulhas Current, due to its higher resolution, and because CFSR is a partially coupled 
reanalysis, and therefore estimates better the ocean and the atmosphere over the region. The study 
period is from 2001 to 2005. Five years of analysis are adequate because the Agulhas current 
shows little interannual variation (Krug and Tournadre, 2012). Moreover, perturbations of the 
Agulhas Current, Natal Pulse or early retroflection do not occur often (Krug and Tournadre, 2012; 
Rouault and Penven, 2011). One control and one sensitivity experiment are performed using the 
WRF model, to assess whether the sharp sea surface temperature gradient of the Agulhas Current 
influences the adjacent coastal rainfall. 
 
4.2 ARTICLE’S RESULTS 
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The results of this study have been published in Geophysical Research Letters (GRL) in April 
2018 as:  Nkwinkwa Njouodo, A.S., Koseki, S., Keenlyside, N. and Rouault, M. (2018). 
Atmospheric signature of the Agulhas Current. Geophysical Research Letters. 
https://doi.org/10.1029/2018GL077042. 
This analysis has been done by me under the supervision of my PhD Advisors, and the co-authors 
of the paper. 
 
4.2.1 High-resolution observations over the Agulhas Current 
 
We analyse the annual climatological mean state using satellite observations and modern 
atmospheric reanalysis to reveal a clear relationship between the Agulhas Current and precipitation 
(Fig. 4.1). The Agulhas Current is 80–100 km wide and runs south-westward along the eastern 
coast of South Africa, following roughly the continental shelf until it retroflects and flows 
westward (Fig. 4.1a). Here, we focus on the core of the current, which is a few degrees warmer 
than the surrounding ocean (contours Fig. 4.1), and on the region where the current hugs the coast. 
The SST varies from 27 oC off the East Coast of South Africa to 23 oC in the retroflection in late 
summer and from 22 oC to 18 oC in late winter (Fig. 3.5). The turbulent latent heat flux (turbulent 
flux of moisture) above the sharp tongue of SST is high, reaching values of up to 220 W.m-² 
annually in the Agulhas region. The high flux is caused by the advection of oceanic colder and 
drier air over the current, together with the destabilising effect of the SST gradient on the surface 
MABL and the wind speed (Lee-Thorp et al. 1999; Rouault et al. 2000). 
The annual mean rainfall rate of derived observations from the TRMM Precipitation Radar 
(PR, Biasutti et al. 2012) and the CFSR reanalysis (Saha et al. 2010) both show a narrow band of 
precipitation along the eastern coast of South Africa, just over the core of the Agulhas Current 
(Figs. 4.1c, d). TRMM PR derived rainfall frequency show an equally striking relationship (Fig. 
4.1b). TRMM PR climatology has a high horizontal resolution (0.05° x 0.05°) that allows better 
definition of the core of the Agulhas Current adjacent to the coast compared to other satellite 
products, although there are no data south of 36°S (see Chapter 2). In the Agulhas region, annual 
mean precipitation varies from 3 to 4 mm.d-1 for TRMM PR, while a few degrees to the east it is 
about 1 mm.d-1 less. CFSR captures the rain band, especially near the coast to the east (Fig. 4.1d). 
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CFSR precipitation differs from TRMM PR by 1 to 2 mm.d-1 (and by more over the interior of the 
continent, which is not our domain of research).  
 
 
Figure 4.1: Annual climatology: (a) surface geostrophic current from GlobCurrent at 0 m depth, 
(b) rain frequency of Tropical Rainfall Measuring Mission Precipitation Radar (TRMM PR) 
showing the percentage of observations at a given location for which rain was detected  and its 
corresponding rain rate (c). (d) rain rate of the Climate Forecast System Reanalysis (CFSR). The 
solid contours represent annual climatology of optimal interpolation sea surface temperature (SST) 
(a), (b), (c) and CFSR SST (d) with 1° intervals; the dashed line is 22°C SST. 
 
4.2.2 Mechanisms for rainfall over the Agulhas Current 
 
The CFSR reanalysis shows that local evaporation exceeds rainfall by between 2 to 5 mm.d-1 over 
the entire region, with the greatest excess over the Agulhas Current (Fig. 4.2).  
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Figure 4.2 : Annual climatology of CFSR evaporation minus precipitation. CFSR annual mean 
SST is contoured with 1° intervals, the dashed line is 22°C SST. 
 
Thus, local moisture supply is consistent with the broad scale rainfall over the region and with the 
enhanced rainfall over the Agulhas Current. However, moisture alone does not lead to rainfall: air 
masses must be lifted to saturation by low-level wind convergence, atmospheric convective 
processes, or by frontal processes. Frontal processes are probably responsible for the broad scale 
rainfall occurring south of our region of interest; here sharp SST gradients anchor the storm track 
of extra-tropical cyclones (Nakamura et al. 2004) and thereby cause frontal rainfall (Hand et al. 
2014; Parfitt et al. 2016). This mechanism may explain rainfall patterns over the Agulhas Return 
Current, where the current and the southern hemisphere storm tracks align (Hoskins and Hodges, 
2005). 
Sharp SST gradients can also influence surface winds and generate lower-level atmospheric 
convergence and vertical motion, which can penetrate deep into the free troposphere (Chelton and 
Xie, 2010). Vertical mixing is one mechanism for the wind response to SST fronts (Wallace et al. 
1989); above warm SST, the lower atmosphere becomes unstable due to large turbulent heat 
fluxes. This mechanism is observed in regions with strong SST gradients (Xie, 2004), including 
the Agulhas Return Current (O’Neill et al. 2005, Chapter 3). Another dynamical explanation for 
the wind response to SST is the pressure adjustment mechanism (Lindzen and Nigam, 1987; Back 
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and Bretherton, 2009): SST modifies the MABL temperature so that the resultant pressure 
anomalies induce surface wind convergence over warm SST and wind divergence over cool SST. 
Earlier studies implicated the pressure adjustment mechanism in producing the observed pattern 
of wind convergence and divergence over major SST frontal regions (Minobe et al. 2008; Shimada 
and Minobe, 2011). Recent studies suggest that the low-level convergence and associated rain 
band over the Gulf Stream is instead the result of the interaction of synoptic-scale atmospheric 
variability with the sharp SST front (Parfitt et al. 2016; O’Neill et al. 2017; Sheldon et al. 2017). 
To assess whether the increase of rainfall over the core of the Agulhas Current may result from 
similar mechanisms to those of the Gulf Stream, we compare the annual climatology of SST 
Laplacian, wind convergence, and SLP Laplacian. According to the pressure adjustment 
mechanism, a tight relationship among these quantities indicates that warmer (cooler) SST drives 
lower (higher) SLP, and in turn enhances surface wind convergence (divergence) (Minobe et al. 
2008) (see section 2.2 of Chapter 2). The Laplacian analysis acts as a spatial high-pass filter that 
highlights sharp gradients. The negative SST Laplacian of the CFSR reanalysis (Fig. 4.3a) exhibits 
a distinct structure along the eastern coast of South Africa, collocated with the rain band. (The SST 
Laplacian is reversed in sign for the convenience of comparing results.) 
The satellite-derived SST Laplacian SST (Fig. 4.3b) is similar to the CFSR result (Fig. 4.3a), 
but stronger in amplitude because of the higher resolution data. As the finer resolution data has a 
smaller-scale structure than coarser-resolution data (in this case, finer: OISST, 0.25°, coarser: 
CFSR, 0.5°), the high-passed variable can be larger in the finer resolution data. Therefore, the SST 
Laplacian of OISST fields could have larger values than those of CFSR. Along the eastern coast 
of South Africa, a predominant narrow band of 10 m wind convergence (Fig. 4.3c) is collocated 
with the rainfall and negative SST Laplacian. CFSR reproduces the band of wind convergence 
found in the higher resolution satellite-based SCOW climatology (Fig. 4.3d) quite well, even 
though the pattern is shifted poleward compared to the CFSR reanalysis. Convergence and 
divergence also occur in the retroflection region around 38.5°S, 22°E and downstream along the 
meandering Agulhas Return Current (not shown). This result has also been observed by Shimada 
and Minobe, (2011) over the same region. The SLP Laplacian shows a positive band along the 
eastern coast of South Africa (Fig. 4.3e) that is co-located with the SST Laplacian, wind 
convergence and rainfall. This indicates that SLP above the Agulhas Current is linked to the 
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underlying SST and may be consistent with the pressure adjustment mechanism (Lindzen and 
Nigam, 1987; Minobe et al. 2008).  
 
 
Figure 4.3: Annual mean: sign reversed SST Laplacian (a) CFSR and (b) OI SST; wind 
convergence (positives values) c) CFSR, (d) SCOW, (e) CFSR sea level pressure (SLP) Laplacian. 
Solid contours represent annual climatology of: a), c) and e) CFSR SST and b) and d) OI SST. 
The dashed line is 22°C.  
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We quantify the relationship among the terms of the pressure adjustment mechanism for the 
maritime region over the Agulhas Current (28–37°S, 23–34°E; red boxes in Figs. 4.3c, e). The 
relationship between SLP Laplacian and surface wind convergence exhibits a spatial correlation 
coefficient of 0.50, statistically significant at the 95% level (Fig. 4.4a). The scatter plot shows that 
the relation between SLP Laplacian and surface wind convergence is approximately linear. 
However, there is greater scatter among positives values of SLP Laplacian and wind convergence, 
as compared to negatives values. The negative SST Laplacian and SLP Laplacian exhibit a stronger 
spatial correlation of 0.71, significant at the 95% level (Fig. 4.4b). These significant relations are 
consistent with those found over the Gulf Stream, indicating that the low-level convergence could 
be the result of the interaction of synoptic-scale atmospheric variability with the sharp SST front 
and may drive rainfall over the Agulhas Current.  
 
 
 
Figure 4.4: Scatter plot showing the relation between a) wind convergence and SLP Laplacian 
and b) SLP Laplacian and sign reversed SST Lapacian of CFSR, based on monthly climatology 
within the region 28–37°S, 23–34°E indicated by the red boxes in (Figs. 4.3c, e)). The blue stars 
represent the mean values for each interval; the error bars in red are ±1 standard deviation. 
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4.2.3 Influence of the Agulhas Current on regional atmospheric model experiments 
 
 
Figure 4.5: The annual mean (a) rainfall, (c) wind convergence, and (e) SLP Laplacian simulated 
by control (CTL) with the sea surface temperature (SST) contours of CTL overlaid. (b, d, and f) 
the impact of smoothing the SST gradients in the Agulhas Current region on these quantities is 
shown by the differences between CTL and smoothed SST (SMTH); the contours show the SST 
difference between CTL and SMTH (0.5 °C intervals and dashed line for 1 °C). 
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We perform two regional model experiments (Skamarock and Klemp, 2008) to isolate the role 
of the Agulhas warm core on the atmosphere (Chapter 2). The regional model experiment with 
observed SST (CTL) reproduces the rain band along the Agulhas Current realistically (Fig. 4.5a). 
In the CTL experiment, the Agulhas Current precipitation rate varies between 2 and 4 mm.d-1 (Fig. 
4.5a) and is similar to the TRMM PR observations (Fig. 4.1b, c), but is up to 2 mm.d-1 more than 
the CFSR reanalysis (Fig. 4.1d). Over land the simulated annual precipitation is stronger than in 
the observations and reanalysis. This may be due to the strong sensitivity of the cumulus 
convection schemes to the topography, a common issue with this regional model (Pohl et al. 2014).  
We represent the differences between the two experiments in Figure 4.5. The rain band along 
the South African coast adjacent to the Agulhas Current is greatly reduced in the experiment with 
smoothed SST (SMTH) compared to CTL (Fig. 4.5b). The difference is up to 1.4 mm.d-1 with a 
maximum offshore Kwazulu-Natal (around 30.5°S; 31.5°E). The wind convergence and the 
positive SLP Laplacian over the Agulhas Current are relatively well simulated compared to 
satellite estimates and reanalyzed output (Figs. 4.5c, e). (Note that the simulated SLP Laplacian is 
influenced by inland values along the ocean grid adjacent to land, probably due to orography). The 
difference of wind convergence between CTL and SMTH shows a well-defined maximum over 
the Agulhas Current (Fig. 4.5d) that is co-located with the corresponding difference of SLP 
Laplacian (Fig. 4.5f). The magnitude of the difference in wind convergence is about half of the 
magnitude of CTL, while the differences in SLP are of similar magnitude to that of CTL.  
The spatial correlation between the SLP Laplacian and wind convergence computed from the 
difference of the experiments is 0.55 (Fig. 4.6a), which is similar to the value from CFSR 
reanalysis (r = 0.50). The spatial correlation between SLP Laplacian and the negative SST 
Laplacian computed from the difference of the experiments is 0.70 (Fig. 4.6b), which is also 
similar to that from CFSR reanalysis (r=0.71). These results strongly support the hypothesis that 
SST gradients anchor the rain band over the Agulhas Current. 
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Figure 4.6: Scatter plot showing the relationships between (a) wind convergence and SLP 
Laplacian and (b) SLP Laplacian and sing inversed SST Laplacian for monthly climatology 
differences between CTL and SMTH within the region 28–37°S, 23–34°E.  
 
Evaluating the rainfall frequency between the two experiments, we find that the coastal rainfall 
in SMTH is around 40% less than in CTL (Fig. 4.7a). Additional analyses define the type of 
precipitation due to the warm SST of the core of the Agulhas Current; the coastal rain band is 
mostly due to convective precipitation, rainfall due to large-scale circulation is almost identical 
between the two simulations (Figs. 4.7b, c), while the coastal convective precipitation is greatly 
diminished in SMTH (Figs. 4.7d, e). Thus, the experiments show that the warmer Agulhas Current 
SST enhances precipitation along the eastern coast of South Africa.  
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Figure 4.7: Rainfall analysis: a) Rain frequency between CTL rain and the difference between 
CTL and SMTH rain. b) CTL rainfall, Cum = cumulus convection, c) CTL rainfall, No Cum = 
without cumulus convection (large scale rainfall). d) SMTH rainfall, Cum = Cumulus convection, 
e) SMTH rainfall, No Cum = without cumulus convection. 
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4.2.4 Vertical atmospheric structure over the Agulhas Current  
 
The CFSR reanalysis shows strong upward motion in the lower troposphere between 950 and 
850 hPa that is co-located with the rainband over the core of the Agulhas Current (Fig. 4.8a). 
Above, there is a distinct structure of the wind divergence between 850 and 700 hPa, and by 650 
hPa the upward motion is much reduced and there is mostly large-scale convergence (Fig. 4.8d, 
Figs. 4.9a, d). The signature of the Agulhas Current is weak at 650 hPa. At lower-levels there are 
corresponding narrow bands of subsidence either side of the upward motion that contribute to a 
local lower tropospheric overturning circulation. Thus, reanalysis suggests that convection reaches 
only the lower troposphere in accord with measurements made above the Agulhas Current (Lee-
Thorp et al. 1999; Rouault et al. 2000).  
 
 
Figure 4.8: The annual mean of vertical velocity vertically averaged between 950 and 800 hPa (a) 
Climate Forecast System Reanalysis, (b) control (CTL), and (c) the difference between CTL and 
smoothed SST. (d, e, and f) Their respective 650-hPa vertical velocities with the SST contours 
overlaid. 
The regional model experiments show that the Agulhas Current drives this local overturning 
circulation. In CTL, the vertical motion at lower levels is weaker and occurs closer to the coast 
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than in the reanalysis, and there is a broader band of subsidence to the east of the upward motion 
(Fig. 4.8b). Consistent with the weaker upward motion, the horizontal divergence above is weaker 
and there are few indications of upward motion at 650 hPa (Fig. 4.8e; Figs. 4.9b, e). The difference 
between CTL and SMTH confirms that SST associated with the Agulhas Current drives this 
vertical circulation, which is associated with the rain band along the southern African coast (Figs. 
4.8c, f; Figs. 4.9c, f). 
 
 
Figure 4.9: The annual mean of the wind divergence averaged between 850 and 700 hPa: a) CFSR, 
b) CTL and c) the difference between CTL and SMTH. (d,e,f) Their respective 650 hPa wind 
divergences with the SST contours overlaid. 
 
There are large differences in the rainfall patterns in different seasons, but in all cases there 
is rainfall over the Agulhas current and coastal regions both in the model and observations (Fig. 
4.10). Our simulations indicate that the Agulhas current affects terrestrial rainfall most during the 
austral summer and the least in winter (Fig. 4.10). The values of the differences in rainfall range 
between 0.3 and 1.8 mm.d-1 along the coast. It seems that orography and convergence may also be 
a factor of influencing the regional rainfall, when the flux of moisture created by the current is 
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advected onshore in summertime. The seasonal mean of the vertical velocity vertically averaged 
between 950 and 800 hPa (Fig. 4.11) shows that the positive anomalies of vertical motion along 
the inland coast in summer (DJF) are co-located with the increased in rainfall when CTL is 
compared to SMTH.  
 
 
 
Figure 4.10: Seasonal differences in rainfall between CTL and SMTH: a) DJF (December-
January-February), b) MAM (March-April-May), c) JJA (June-July-August), d) SON (September-
October-November). There is more rainfall in CTL during summer and spring (DJF, MAM). Solid 
contours represent annual climatology of OI SST (1° intervals), dashed line is 22°C SST. 
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Figure 4.11: As in Figure 4.10 but for the vertical velocity vertically averaged between 950 and 
800 hPa. 
 
4.3 DISCUSSION AND SUMMARY 
 
Using high-resolution satellite-derived estimates, climate reanalysis, and regional atmospheric 
model experiments, we have shown that the warm core of the Agulhas Current drives a band of 
precipitation along the coast and offshore of South Africa. We found that spatially smoothing the 
SST leads to a decrease of 50% for wind convergence, of 100% for SLP Laplacian, and a 40% 
reduction in precipitation over the core of the Agulhas Current. 
Diagnosis of the pressure adjustment mechanism identifies a very similar relationship to that 
of the Gulf Stream (Minobe et al. 2008). Recent studies, however, indicate that the anchoring of 
precipitation over the Gulf Stream front is mainly associated with atmospheric frontal precipitation 
associated with synoptic-scale extratropical cyclones (O’Neill et al. 2017; Parfitt et al. 2016, 
Sheldon et al. 2017; Vannière et al. 2017). A similar mechanism might act over the Agulhas 
Current, as a large part of the rainfall here is also related to atmospheric fronts (Catto et al. 2012).  
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Our atmospheric model simulations indicate that up to 20% of the coastal precipitation is 
related to the warm core of the Agulhas Current. This may represent a lower limit as increasing 
the model resolution might increase the strength of ocean-atmosphere interaction (Smirnov et al. 
2015). Thus, it is important to resolve the fine structure of ocean temperature for simulating the 
climate of the region. This has implications for the prediction of South African weather and climate 
and for understanding past and present climate. Moreover, the diurnal cycle is an important driver 
of terrestrial rainfall in summer along the inland coast (Pohl et al. 2014; Rouault et al. 2013), and 
low-level convergence associated with orography may also be a factor that enhances summer 
rainfall. A complete understanding of how the Agulhas Current drives terrestrial precipitation in 
this region will therefore involve in-depth analysis of both the diurnal cycle and seasonality of 
various parameters such as the wind speed, the sea surface temperature, the sea level pressure. 
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CHAPTER 5 
 
5 SEASONAL IMPACT OF THE AGULHAS CURRENT ON SOUTH 
AFRICA PRECIPITATION 
 
This chapter is a follow up of the previous chapter and focuses on the seasonal impact of the 
Agulhas Current on Southern Africa rainfall. We use the high-resolution gridded climatology of 
Hewitson and Crane (2005) based on observations, Tropical Rainfall Measuring Mission 
Precipitation Radar (TRMM PR, Biasutti et al. 2012), optimal interpolation sea surface 
temperature (OISST, Reynold et al. 2007), Globcurrent geostrophic currents (Johannessen et al. 
2016), the Climate Forecast System Reanalysis (CFSR, Saha et al. 2010), and two experiments of 
the Weather Research and Forecasting model (WRF, Skamarock and Klemp 2008). Simulations of 
the regional model are conducted to isolate the effect of the Agulhas warm core on the atmosphere 
(Chap. 2). One experiment represents the sea surface temperature and latent heat flux (WRF 
control), the other is with SST reduced by 2°C in the core of the Agulhas Current (WRF smoothed). 
The present chapter gives a hint of the probable seasonal impact of the Agulhas Current on the 
regional climate. 
 
5.1 HIGH-RESOLUTION SURFACE PARAMETERS 
 
5.1.1 Surface current, sea surface temperature and latent heat flux 
 
Figure 5.1 shows the seasonal cycle of the Agulhas Current derived from the 0 m depth 
GlobCurrent geostrophic currents (Johannessen et al. 2016) for the austral summer (DJF), autumn 
(MAM), winter (JJA) and spring (SON). The geostrophic current speed ranges between 0.5 to 
about 1.5 m.s-1, with a maximum along the coast in summer (Fig. 5.1a). The Current increases in 
speed in this region between 25 and 38°S, with a maximum off Port Elizabeth (~34°S, 23-26°E). 
The current speed minimum in the Agulhas region is between 1 to 1.25 m.s-1 in winter (32-38°S, 
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20-30°E)  (Fig. 5.1c). This is consistent with results from Krug and Tournadre (2012) which 
concluded that there is a seasonality in the Agulhas Current, with a strong flow in summer, and 
weaker velocities in winter, with a seasonal geostrophic current speeds varying from 1.5 m.s-1 in 
March to 1.3 m.s-1 in July. Warm sea surface temperature (SST) are found in the Agulhas Current 
system, compared to the surrounding region, with a maximum temperature of about 28°C in 
summer and 22°C in winter (cf. Fig. 3.4).  
 
 
Figure 5.1: Seasonal averages of the surface geostrophic current (m.s-1) from GlobCurrent at 0 m 
depth: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Arrows represent 
the direction of the current for the respective seasons every 2°. Off Port Elizabeth (~33°S), the 
current speed accelerates and can reach 1.5 m.s-1 in DJF, MAM or SON.  
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Seasonal SST of WRF control experiment is shown in Figure 5.2. SST reaches 28°C in summer 
(DJF), northeast of South Africa (Fig. 5.2a), with the warmest SST occurring in February (cf Fig. 
3.5 of Chap. 3). There is a temperature gradient along the east coast, due to the Agulhas Current. 
SSTs above 25°C are found east of 29°E, potentially creating convection. In autumn (MAM), SST 
is quite similar to summer (DJF) (Fig. 5.2b) because the SST is maximum in February and March. 
Winter (JJA) is the season with the coolest SST in the Agulhas region (Fig. 5.2c), with the lowest 
SST in August. During winter, in the Agulhas region, maximum SST is 23°C and minimum SST 
is 20°C when the Current separates from the coast (cf. Chapter 3). Spring (SON) SST is similar 
to winter SST, with the warmest SST along the coast, in the Agulhas Current (Fig. 5.2d). 
 
 
Figure 5.2: Seasonal means SST for WRF control experiment, with 1°C intervals overlaid: a) 
summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). 
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A warm SST in the Agulhas Current causes a large amount of turbulent flux of moisture (also 
called turbulent latent heat flux, LHF) from ocean to atmosphere. Above the Agulhas Current LHF 
is maximum all year long (between 175 and 250 W.m-2), but with higher values in winter especially 
along the coast (Fig. 5.3c) and lower values in summer (Fig. 5.3a). This result is in accordance 
with the seasonal cycle of LHF in Chapter 3. Over the landmass, the minimum LHF is in winter 
(~50 W.m-2), and maximum LHF is in summer (~150 W.m-2) corresponding to ~1.8 mm.d-1 in 
winter and ~5.3 mm.d-1 in summer. Note that 1 mm.d-1 is approximately 28.36 W.m-2. 
 
 
Figure 5.3: Seasonal latent heat flux (W.m-2) averages for WRF control experiment: a) summer 
(DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). 
 
  
82 
  
5.1.2 Precipitation 
 
 
Figure 5.4: Seasonal climatology of South Africa rainfall (mm.d-1) from 1950 to 2000, of the 
gridded-averaged daily precipitation data from Hewitson and Crane (2005): a) summer (DJF), b) 
autumn (MAM), c) winter (JJA) and d) spring (SON).  
 
We use a 50-year climatology of South African precipitation from Hewitson and Crane (2005) to 
validate the simulated rainfall by WRF control and CFSR over land. This high-resolution 
climatology (0.1° x 0.1°) is a gridded-average daily precipitation computed from 1950 to 2000, 
using the conditional interpolation method (Hewitson and Crane 2005). South African 
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precipitation ranges between 0 to 7 mm.d-1, with a maximum in summer (DJF) southeast of the 
country between 23-26°S and 30-31°E (Fig. 5.4a). Another maximum is around the Drakensberg 
region, between 29-30°S and 29-30°E. Meanwhile, the southwest of the country is arid. Autumn 
(MAM) is a transitional season between summer (DJF) and winter (JJA). During autumn, 
precipitation ranges between 0 to 3 mm.d-1, with a maximum along the “garden route” and the east 
coast of South Africa. This maximum lasts until winter, forming a rainband ranging between 1 and 
2 mm.d-1 (Fig. 5.4c). Winter is the rainy season over the Western Cape (31-34°S and 18-20°E), 
with precipitation up to 6 mm.d-1 due to the effect of the orography. Meanwhile, the rest of the 
country is arid. Preston-Whyte and Tyson (1988) investigated the winter rainfall over the south 
coast and the southwestern region and concluded that the winter rainfall originates from the cold 
fronts. Spring (SON) is the transition season between winter-summer and is marked by the increase 
in precipitation over the southeast of South Africa, with a maximum rainfall along the east coast 
where the Agulhas Current is adjacent to the coast (Fig. 5.4d). 
We use  the high-resolution (0.05° x 0.05°) TRMM PR to validate the WRF control and CFSR 
rainfall above the ocean. Figure 5.5 shows the seasonal mean rainfall of TRMM PR. TRMM PR 
overestimates the summer terrestrial rainfall by 1 mm.d-1 (Fig. 5.5a) compared to the climatology 
of Hewitson and Crane (2005). Moreover, TRMM PR the precipitation along the inland coast 
underestimates by 2 mm.d-1 compared to the former climatology, which shows maximum rainfall 
along the coast. Over the ocean, the highest summer precipitation is northeast of southern Africa. 
In autumn (MAM), terrestrial precipitation is also overestimated by 1 mm.d-1 (Fig. 5.5b) compared 
to the climatology of Hewitson and Crane (2005). Above the ocean, highest values of rainfall is 
over the Agulhas region and the South Indian Convergence Zone (SICZ). TRMM PR 
underestimates the winter (JJA) rainfall over the Western Cape, and the inland coast to the east 
(Fig. 5.5c). Over the ocean, the influence of the Agulhas Current is clearly apparent in winter 
precipitation. In spring (SON), precipitation is abundant over the landmass, in the southeast of 
South Africa (Fig. 5.5d). 
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Figure 5.5: Seasonal averages of rain rate (mm.d-1) from Tropical Rainfall Measuring Mission 
Precipitation Radar, with the overlaid optimal interpolation sea surface temperature (SST) (°C), 
respectively for: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). 
Summer is the wettest season over the continent, autumn and winter are the wettest above the 
Agulhas Current region. 
  
The summer WRF control rainfall overestimates the climatology of Hewitson and Crane (2005) 
by 3 mm.d-1, southeast of South Africa (Fig. 5.6a). Along the inland coast, WRF control captures 
the maximum rainfall seen in the former climatology, but overestimates the oceanic rainfall 
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compared to TRMM PR. This might be due to the orographic effect of the Drakensberg (Tyson 
and Preston-White (2000), Chap. 4).  
 
 
Figure 5.6: Seasonal averages of rain rate for WRF control experiment with the corresponding 
SST (°C) overlaid: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). 
Summer is the wettest season over the continent. 
 
In winter (JJA) above the Agulhas, precipitation ranges between 3-4 mm.d-1. Thus WRF control 
underestimates the coastal precipitation by 2 mm.d -1 above the Agulhas Current compared to 
TRMM PR (Fig. 5.5c). In spring (SON), WRF control overestimates the terrestrial and maritime 
precipitation compared to the climatology of Hewitson and Crane (2005), and TRMM PR (Fig. 
5.5d). Generally, the “garden road” also called the South Coast or all year South Africa rainfall 
region (Engelbrecht et al. 2015, 2016) experiences equal rainfall throughout the year and could be 
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due to air-sea contrasts opposing on one hand the Agulhas Current causing huge latent heat fluxes 
(see Chap. 3), on the other hand the topography of Little Karoo. It is needed to do more 
experiments to really define the cause of the constant rainfall along the “garden route”. To 
summarise, WRF model overestimates the land precipitation compared to Hewitson and Crane 
(2005) for all seasons. WRF model overestimates the maritime precipitation in summer, autumn, 
and spring, compared to TRMM PR, but underestimates the winter precipitation above the Agulhas 
Current. CFSR precipitation underestimates the land and oceanic rainfall by 1 to 3 mm.d-1 for all 
seasons (Fig. 5.7), compared to the climatology of Hewitson and Crane (2005) for land rainfall 
and TRMM PR for the maritime precipitation.  
 
 
Figure 5.7: Seasonal averages of rain rate of Climate Forecast System Reanalysis (CFSR), with 
the CFSR sea surface temperature (SST) (°C) overlaid: a) summer (DJF), b) autumn (MAM), c) 
winter (JJA) and d) spring (SON).  
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5.1.3 Analysis of the pressure adjustment mechanism 
 
 
 
Figure 5.8: Seasonal averages of CFSR sign reversed SST Laplacian: a) summer (DJF), b) autumn 
(MAM), c) winter (JJA) and d) spring (SON). The patterns of the Agulhas Current along the coast 
are present for each season. Solid contours represent CFSR seasonal means SST. 
We examine the relationship between the sign reversed SST Laplacian, the 10 m wind convergence 
and the sea level pressure (SLP) Laplacian for each season. The Laplacian acts as a high-pass filter 
to highlight the regions with strong gradients such as the Agulhas Current. The SST Laplacian, 
wind convergence and SLP Laplacian are linked by the pressure adjustment mechanism (Lindzen 
and Nigam, 1987; Minobe et al. 2008; Chap. 4) following Equations 2.3 and 2.4 of Chapter 2, 
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in which the SST modifies the marine atmospheric boundary layer, and the resultant pressure 
produces wind convergence over warm SSTs and wind divergence over cold SSTs.  
The sign reversed SST Laplacian along the eastern coast of South Africa shows a strong 
gradient for each season (Fig. 5.8). This result is observed for the annual scale (Chap. 4). SST 
Laplacian is large along the coast for each season (between 20-32°E), but in summer (Fig. 5.8a) 
the signal is between 24 and 32°E.  
 
 
Figure 5.9: Seasonal averages of the CFSR wind convergence (positives values): a) summer 
(DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Arrows represent the 10 m wind 
velocities for CFSR, every 2°. 
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Figure 5.10: Seasonal averages of CFSR SLP Laplacian: a) summer (DJF), b) autumn (MAM), c) 
winter (JJA) and d) spring (SON). The signature of the Agulhas Current is seen for each season. 
Solid contours represent CFSR seasonal means SST. 
 
The horizontal distribution of wind convergence (Fig. 5.9) is consistent with that in the annual 
mean analysis of Chapter 4, but exhibits a stronger magnitude in summer (DJF) and autumn 
(MAM), compared to other seasons. In summer, the wind is onshore northeast of South Africa and 
over the Agulhas Current (Fig. 5.9a). It blows from the ocean towards land, bringing moist air 
from the Indian ocean. This may create orographic rainfall. As in autumn (MAM) and spring 
(SON) northeast of South Africa, but over the Agulhas Current, the wind is alongshore, decelerates 
up to 32°S and joins the westerlies (Fig. 5.9b, d). In winter, over the Current, the wind coming 
from the Indian Ocean decelerates (Fig. 5.9c). In the Western Cape region, wind convergence is 
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confined between 33-35°S, 18-19°S and the wind direction is onshore. This creates rainfall due to 
the effect of the orography. The SLP Laplacian exhibits a strong signal above the core of the 
Agulhas compared to the surrounding ocean for each season (Fig. 5.10). 
Correlation between SLP Laplacian and wind convergence, and correlation between SLP 
Laplacian and SST Laplacian for each season, within the boxes 28-37°S and 23-34°E are shown 
in Figure 5.11 as in Chapter 4. The SLP and SST Laplacian are highly correlated for each season, 
with correlations between 0.6 and 0.85, significant at the 95% confidence level (Fig. 5.11a). These 
significant correlations are consistent with our findings on the annual scale (Chap. 4). A strong 
correlation is found between SLP Laplacian and wind convergence (significant at the 95% level) 
in December-January-February, and September-November, leading to a high correlation in 
summer (DJF, 0.6) and spring (SON, 0.5) respectively (Fig. 5.11b). Meanwhile, a weak but 
significant correlation in May and August leads to fair good correlations (~0.4) in autumn and 
winter. This result indicates that the pressure adjustment might contribute to enhancing seasonal 
precipitation above the Current along the coast where the Current is adjacent to the coast as shown 
in former chapter.  
 
Figure 5.11: Correlations based on monthly climatology within the region 28–37°S, 23–34°E 
between: a) SLP Laplacian and SST Laplacian, b) SLP Laplacian and wind convergence. Red dots 
represent the seasonal correlations significant at the 95%  confidence level. 
To summarise this section, a good correspondence among the SST Laplacian, SLP Laplacian, and 
wind convergence are found each season, between 28–37°S and 23–34°E (Figs. 5.8, 5.9, and 5.10). 
This indicates that the pressure adjustment mechanism could enhance the band of precipitation 
above the Agulhas Current for each season. 
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5.2 NUMERICAL EXPERIMENTS  
 
In this section, we look at the impact of the warm SST due to the Agulhas Current on South Africa 
rainfall. The analysis is mostly based on the difference between the WRF control experiment 
(CTL), and the experiment with a smoothed SST (SMTH), to unveil the impact of smoothing the 
SST gradients in the Agulhas Current region. 
 
5.2.1 Surface parameter difference  
5.2.1.1 Sea surface temperature and latent heat flux  
 
 
Figure 5.12: Seasonal SST differences between control and smooth SST experiments, with 0.25°C 
intervals overlaid: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). 
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The SST difference between the two simulations is up to 2°C along the coast, and presents a 
weak seasonality because the differences are more or less the same for each season (Fig. 5.12). 
The maximum difference is found in the core of the Agulhas Current, around 33-35°S and 27-
30°E. Smoothing the SST also leads to a 1°C cooler SST around the Western Cape region (31-
33°S, 18°E) and the “garden route” (34°S, 20-26°E) for each season.  
The LHF difference between the two simulations exhibits a maximum along the coast (Fig. 
5.13), consistent with the SST difference (Fig. 5.12). The LHF difference is ±65 W.m-2. Thus, SST 
reduced by ~2°C leads to 55 W.m-2 decline of LHF. This result is consistent with the findings of 
Chapter 4. Over the landmass, north of South Africa, the LHF difference is up to 25 W.m-2 in 
summer, autumn, and spring (Figs. 5.12a, b and d). 
 
 
Figure 5.13: Seasonal latent heat flux (W.m-2) differences between control and smooth SST 
experiments, with 10 W.m-2 intervals overlaid: a) summer (DJF), b) autumn (MAM), c) winter 
(JJA) and d) spring (SON). 
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5.2.1.2 Precipitation and evaporation  
 
 
Figure 5.14: Seasonal rainfall differences (mm.d-1) between control and smoothed SST 
experiments: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Overlaid 
are SST differences between the two simulations. 
 
Figure 5.14 illustrates the WRF rain rate difference for each season. The rainband anchored by 
the Agulhas Current is mostly due to cumulus convective rain (not shown). Maximum terrestrial 
precipitation difference is found in summer (DJF) over the northeast of South Africa, around 
Mpumalanga (24-27°S, 30-33°E). Maximum oceanic rainfall difference occurs off Durban (30-
32°S, 31-33°E) (Fig. 5.14a) and above the core of the Agulhas Current. This result is consistent 
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with the SST and LHF differences in the Agulhas Current (Figs. 5.12, 5.13). In autumn (MAM), 
precipitation difference is reduced along the coast compared to summer (DJF), but positive rain 
difference extends far west in the land area between 20 and 23°S (Fig. 5.14b). In winter (JJA), 
positive precipitation difference occurs along the east coast (Fig. 5.13c) and the Agulhas Current. 
The land precipitation in JJA is almost identical for both simulations with values close to 0. In 
spring (SON), maximum precipitation difference is along the coast and northeast of Southern 
Africa (Fig. 5.14d). 
 
 
Figure 5.15: Seasonal differences of precipitation minus evaporation (P–E, mm.d-1) between 
control and smoothed SST experiments: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and 
d) spring (SON). Overlaid are SST differences between the two simulations. 
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The horizontal distribution of precipitation minus evaporation budget (P–E) for the difference 
between the control and the smoothed SST run is shown in Figure 5.15. P–E is a useful quantity 
for understanding the regional variability of water balances. Positives values of P–E mean that a 
region is becoming wetter. Negatives P–E values indicate less precipitation and more evaporation. 
Note that evaporation over landmass is underestimated in the WRF model, but is useful for the 
analysis. In summer (DJF), autumn (MAM) and spring (SON), positive P–E is found over land 
(Fig. 5.15a) corresponding to maximum precipitation (Fig. 5.14a, b, c). Positive P–E is also 
apparent along the “garden route” for each season. This might be due to the orography, as 
suggested in section 5.1.3. Negative P–E (1.5 mm.d-1) is confined to the warm core of the Agulhas 
Current for each season, where SST and LHF differences are maximum. This indicates that a loss 
of ~2°C SST and ~55W.m-2 LHF lead to ~1.5 mm.d-1 decrease of P–E. Thus, smoothing the SST 
leads to precipitation and evaporation decline above the Current. To understand the mechanisms 
at the origin of these changes in precipitation and evaporation, we analyse the vertically integrated 
moisture flux differences between both simulations (see section 5.2). 
 
5.2.1.3 Low-level convergence 
 
The difference between both simulations of the sign reversed SST Laplacian has the same 
seasonality as the reanalysis CFSR (not shown), with a maximum along the eastern coast of South 
Africa for each season. The wind convergence difference (Fig. 5.16) and the associated SLP 
Laplacian difference (Fig. 5.17) are collocated with the rain band difference over the Agulhas 
Current. Figure 5.16 also shows the wind direction along the coast, marked by the convergence 
of westerlies and winds coming from the Indian Ocean especially in autumn (Fig. 5.16b) and 
winter (Fig. 5.16c). This convergence occurs just above the Agulhas Current. Therefore, 
seasonally, the 2°C difference between the control and the smooth SST run leads to a decrease of 
the SLP Laplacian, SST Laplacian and wind convergence. Moreover, the low-level wind 
difference enhances the observed rainband difference along the east coast of South Africa for each 
season. Results of the WRF numerical experiments are consistent with those of CFSR reanalysis. 
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Figure 5.16: Seasonal differences of wind convergence (positive values) between control and 
smoothed SST experiments: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring 
(SON). Superimposed arrows are the 10 m wind direction difference between the two simulations. 
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Figure 5.17: Seasonal differences of SLP Laplacian between control and smoothed SST 
experiment, with the overlaid SST differences: a) summer (DJF), b) autumn (MAM), c) winter 
(JJA) and d) spring (SON).  
 
5.2.2 Atmospheric parameters 
5.2.2.1 Geopotential height 
 
The geopotential height is the height above mean sea level of a given pressure in the atmosphere. 
Figures 5.18, 5.19, 5.20, and 5.21 represent the geopotential heights at 950, 850, 700 and 500 hPa 
respectively, simulated in the control experiment. From low to middle troposphere, the high-
pressure system is apparent in the Indian Ocean and above the continent for each season. Warm 
and moist air rises in the equatorial regions, especially over the ocean, generating precipitation, 
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which increases the ascending motion of air. Cool air is then pushed poleward and sinks in the 
subtropical region where southern Africa sits, creating high-pressure and subsidence which is not 
favorable to precipitation. Thus, the climate of southern Africa is arid to semi-arid. From low to 
middle troposphere (950-700 hPa) in summer (DJF), geopotential heights are lower than any other 
seasons (Figs. 5.18a, 5.19a, and 5.20a,). Meanwhile, in winter (JJA) geopotential heights are 
higher than other seasons (Figs. 5.18c, 5.19c, and 5.20c). Conversely, at 500 hPa, geopotential 
heights are the lowest corresponding to the impact of mid-latitude systems (Fig. 5.21c).  
 
 
Figure 5.18: Seasonal means of 950 hPa geopotential heights simulated by the control experiment 
with contours of 10 m intervals: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring 
(SON). 
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Figure 5.19: Seasonal means of 850 hPa geopotential heights simulated by the control experiment 
with contours of 10 m intervals: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring 
(SON). 
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Figure 5.20: Seasonal means of 700 hPa geopotential heights simulated by the control experiment 
with contours of 10 m intervals: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring 
(SON). 
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Figure 5.21: Seasonal means of 500 hPa geopotential heights simulated by the control experiment 
with contours of 20 m intervals: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring 
(SON). The highest height is in summer (approximately 6000 m). 
 
Geopotential height anomalies are represented by Figures 5.22, 5.23, 5.24 and 5.25. 
Anomalies are calculated from the difference between the control experiment and the smoothed 
SST experiment where the impact of the Agulhas Current is reduced. From 950 to 700 hPa in 
summer and autumn geopotential height anomalies result in a low pressure anomaly. Reducing the 
SST strengthen the high pressure system of the smooth experiment, resulting in a low pressure 
anomaly between the control and smooth SST experiments. 
At 950 hPa, this low pressure anomaly is over the southeast coast of South Africa (Fig. 
5.22a,b) and is due to be the effect of the SST of the Agulhas Current.  
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At 850 and 700 hPa, the geopotential heights anomaly is from coastal area to the south and 
Indian ocean to the north, extending to land area (Figs. 5.23a,b and 5.24a,b).  
At 500 hPa, during summer, the geopotential heights anomaly is shifted futher inland than 
other levels (Fig. 5.25a). In autumn, the anomaly is zonally elongated between 17-35°E (Fig. 
5.25b). In winter and spring, positive geopotential heights difference is dominant. 
Thus, in summer and autumn, a 2°C SST anomaly created by the control run results to a low-
pressure anomaly, corresponding to positive precipitation anomalies over the landmass, and along 
the east coast of South Africa (Fig. 5.14a,b).  
 
 
Figure 5.22: Seasonal differences of 950 hPa geopotential heights between control and smoothed 
SST experiments, with contours of 0.3 m intervals: a) summer (DJF), b) autumn (MAM), c) winter 
(JJA) and d) spring (SON). Cyclonic geopotential heights anomalies around the Indian ocean, in 
summer and autumn seasons. 
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Figure 5.23: Seasonal differences of 850 hPa geopotential heights between control and smoothed 
SST experiments, with contours of 0.3 m intervals: a) summer (DJF), b) autumn (MAM), c) winter 
(JJA) and d) spring (SON). Cyclonic geopotential heights anomalies in the Indian ocean, extending 
inland in summer and autumn. 
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Figure 5.24: Seasonal differences of 700 hPa geopotential heights between control and smoothed 
SST experiments, with contours of 0.3 m intervals: a) summer (DJF), b) autumn (MAM), c) winter 
(JJA) and d) spring (SON). Cyclonic geopotential heights anomalies around central South Africa, 
in summer and autumn. 
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Figure 5.25: Seasonal differences of 500 hPa geopotential heights between control and smoothed 
SST experiments, with contours of 0.3 m intervals: a) summer (DJF), b) autumn (MAM), c) winter 
(JJA) and d) spring (SON). Cyclonic geopotential heights anomalies over South Africa in summer. 
 
5.2.2.2 Moisture flux 
 
The moisture flux intensity is evaluated as a product of the specific humidity and the wind, 
following the equation: 
𝑀𝑜𝑖𝑠𝑡(𝑢𝑞, 𝑣𝑞) =  √(𝑢𝑞)2 + (𝑣𝑞)2................ Eq. 5.1 
  
106 
  
Where 𝑀𝑜𝑖𝑠𝑡 is the moisture flux, 𝑞 is the 3D specific humidity, with specific humidity defined 
as the ratio between the mass of the water vapor and the mass of the moist air. 𝑢  and 𝑣  are 
respectively the 3D zonal and meridional wind components. 
 
Moisture flux is then computed at 950, 850, 700 and 500 hPa (Figs. 5.26, 5.27, 5.28, and 5.29). 
The direction of the moisture transport is given by the wind direction. At 950 hpa, an intense flux 
of moisture originating from the Indian ocean penetrates South Africa via the Mozambique 
Channel, and the other part flows along the coast just above the Agulhas Current  (Fig. 5.26). The 
western Indian Ocean is the major moisture source for southern Africa (Vigaud et al., 2007). 
Moisture flux is less intense in winter along the coast compared to other season, and ranges 
between 0 to 32 g.kg-1.m.s-1 there, half value of summer moisture (Fig. 5.26c). Along the “garden 
route”, in winter the moisture flux is more intense compared to other seasons, with a dominance 
of westerlies. At 850 hPa, the moisture flux maximum is shifted inland, around central South 
Africa (Fig. 5.27), with the highest intensity in summer between 22-25°S and 26-33°E (Fig. 
5.27a). From 700 to 500 hPa, a large quantity of moisture flux originates from the Atlantic ocean 
(with a maximum around the Drakensberg) and leaves the landmass over  the coast (Figs. 5.28 and 
5.29). The South Atlantic is considered as a secondary source of moisture (Preston-Whyte and 
Tyson 1988, D’Abreton and Lindesay 1993) for southern African climate variability (Cook et al. 
2004, Reason et al. 2006). At 700 hPa, part of the moisture coming from the land mass penetrates 
the continent via the Mozambique channel in an anticyclonic circulation.  
 
 
  
107 
  
 
Figure 5.26: Seasonal means of 950 hPa moisture flux simulated by the control experiment: a) 
summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Arrows represent the 
direction of the moisture transport every 2°. 
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Figure 5.27: Seasonal means of 850 hPa moisture flux simulated by the control experiment: a) 
summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Arrows represent the 
direction of the moisture transport every 2°. 
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Figure 5.28: Seasonal means of 700 hPa moisture flux simulated by the control experiment: a) 
summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Arrows represent the 
direction of the moisture transport every 2°. 
  
110 
  
 
Figure 5.29: Seasonal means of 500 hPa moisture flux simulated by the control experiment: a) 
summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Arrows represent the 
direction of the moisture transport every 2°. 
 
Moisture flux anomalies are shown in Figures 5.30, 5.31, 5.32 and 5.33. Anomalies are 
obtained from the difference between the two simulations. This difference leads to a cyclonic 
moisture flux anomaly leading to an import of moisture from the South and an export of moiture 
from the Northeast of the continent.  
At 950 hPa, a 2°C warm SST creates 10 g.kg-1.m.s-1 more moisture flux from the South in 
control run than smooth SST experiment, especially in summer and autumn southwest of the Indian 
Ocean and along the east coast (Fig. 5.30a,b). The moisture flux is stopped by the orography at 
the the surface. In summer, autumn and spring, moisture flux anomalies penetrate the continent 
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where the Agulhas Current is adjacent to the coast (Fig. 5.30a, b, and c). The cyclonic motion of 
moisture anomalies is in good agreement with the negative geopotential heights anomaly (Figs. 
5.22 and 5.30). This indicates that a 2°C decline of SST decreases the inflow of moisture flux. In 
winter, moisture flux anomalies are between 1 and 3 g.kg-1.m.s-1, indicating that smoothing the 
SST of the Agulhas Current does not affect the moisture flux much compared to other seasons. 
At 850 hPa, moisture flux anomalies have a cyclonic motion, as in 950 hPa, and penetrate the 
continent futher than at 950 hPa across the east coast of South Africa in summer and autumn (Figs. 
5.31a, b). Still in summer, a band of anomalies of moisture flux transport converges in the Agulhas 
Current region. In winter and spring, the moisture flux anomalies are eastward (Fig. 5.31c,d). This 
indicates that the inflow moisture flux from the Indian Ocean is weakened when the SST is 
reduced. 
From 700 to 500 hPa, positive moisture anomalies present a maximum mostly above the 
continent in central southern Africa in summer between 20-23°S and 22-26°E (Figs. 5.32a and 
5.33a), in a cyclonic motion. This is in aggreement with the geopotential heights anomaly, and 
where isolines of this anomaly are tight. In winter, moisture flux anomalies are eastward (Figs. 
5.31c and 5.33c). The absence of marked anomalies of geopotential above the ocean and the flux 
of moisture anomalies together with rainfall anomalies suggest that the moisture anomalies at the 
surface help to increase rainfall above the continent which would generate further geopotential 
anomalies at 700 and 500 hPa and more cyclonic rainfall anomalies. 
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Figure 5.30: Seasonal differences of 950 hPa moisture flux between control and smoothed SST 
experiments: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Arrows 
represent the direction of the moisture transport every 1°. 
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Figure 5.31: Seasonal differences of 850 hPa moisture flux between control and smoothed SST 
experiments: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Arrows 
represent the direction of the moisture transport every 1°. 
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Figure 5.32: Seasonal differences of 700 hPa moisture flux between control and smoothed SST 
experiments: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Arrows 
represent the direction of the moisture transport every 1°. 
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Figure 5.33: Seasonal differences of 500 hPa moisture flux between control and smoothed SST 
experiments: a) summer (DJF), b) autumn (MAM), c) winter (JJA) and d) spring (SON). Arrows 
represent the direction of the moisture transport every 1°. 
 
5.2.2.3 Vertically integrated moisture flux 
 
The vertical structure of the moisture distribution is a key factor for analysing the ocean-
atmosphere variability in synoptic-scale systems (Liu and Niiler, 1984). The moisture flux 
convergence is a term in the conservation of water vapor equation and was first calculated in the 
1950s as a vertically integrated quantity to forecast the rainfall associated with synoptic-scale 
systems (Banacos and Schultz 2004). Figure 5.34 shows the horizontal distribution of the 
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vertically integrated moisture flux convergence (positive values) and divergence (negative values), 
with the vertically integrated moisture transports overlaid (arrows). The moisture is integrated 
from the surface to 100 hPa, over the air column. As in precipitation minus evaporation budget, 
moisture convergence indicates a wetter region, and moisture divergence results in a region with 
less rain or more evaporation.  
 
 
Figure 5.34: Seasonal means of vertically integrated moisture flux convergence (positive values) 
of control experiment: a) summer (DJF), b) autumn (MAM), c) winter (JJA), and d) spring (SON). 
Arrows represent the direction of the vertically integrated moisture transport every 1°. 
 
The vertically integrated moisture flux convergence (VIMFC) occurs over the land mostly in 
summer, autumn and spring (Fig. 5.34a,b,d) where the rainfall is dominant over the ocean and 
east of southern Africa  (Fig. 5.6a,b,d). Meanwhile, the southwest has a dominance of vertically 
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integrated moisture flux divergence (VIMFD) (Fig. 5.34a,b,d). Over the maritime areas, the 
VIMFC follows the pathway of the South Indian Convergence Zone (SICZ) for the whole seasons. 
Cook (2000) defined the SICZ as a region of enhanced precipitation extending off the southeast 
coast of southern Africa. Our results confirm the studies done by Cook (2000) and Ratnam et al. 
(2015) for the summer season. The VIMF transport represented by arrows show an import of the 
VIMF to the north through the Mozambique Channel for each season. This moisture forms an 
anticyclonic flow over the northeast of South Africa (24-27°S, 25-31°E), with the moisture 
originating from the South Atlantic Ocean, and is exported to the southeast coast of South Africa. 
Vigaud et al., (2007, 2009) show that the south Atlantic SSTs partially influence moisture fluxes 
between the south Atlantic Ocean and southern Africa regions. 
The difference between both simulations of the VIMFC must be analysed along with the 𝑃 −
𝐸  difference. Change in 𝑃 − 𝐸  is balanced by change in atmospheric moisture convergence 
(Seager et al. 2007; Seager and Vicchi 2010). In this study, we compare the 𝑃 − 𝐸 differences 
between control and smoothed SST runs ( 𝑃 − 𝐸  anomalies) (Fig. 5.15), and the VIMFC 
differences between the two simulations (VIMFC anomalies) (Fig. 5.35). They are linked by the 
following equation: 
 
𝑃 − 𝐸 = ∫ 𝜌𝑎𝑖𝑟𝐻 ∗ (∇. (?̅?∆?̅?) + ∇. (?̅?∆?̅?) + ∇. (∆?̅?∆?̅?) + ∇. (𝑢
′𝑞′)𝑑𝑃
100ℎ𝑃𝑎
𝑃𝑠
….(Eq. 5.2) 
 
𝑃 , 𝐸 , 𝑃𝑠 , 𝜌𝑎𝑖𝑟 , and 𝐻  are respectively precipitation, evaporation, surface pressure, air density 
(kg.m-3) and geopotential height (m); ?̅? is the monthly averaged climatological wind (zonal and 
meridional) in m.s-1, 𝑢′  is the wind anomaly for one experiment; 𝑞 ̅  is the monthly averaged 
climatological of specific humidity in g.kg-1, 𝑞′ is the anomaly of the specific humidity for one 
experiment. ∇ is the horizontal divergence operator. 
 
We mainly focuse on summer (DJF) and autumn (MAM) where the VIMFC anomalies and 
𝑃 − 𝐸 anomalies are strong. Northeast of South Africa, the VIMFC anomalies are predominant 
over land (Fig. 5.35a, b), corresponding to positive 𝑃 − 𝐸 anomalies (more precipitation) (Fig. 
5.15a, b). This is consistent with the moisture flux anomalies maximum at 850, 700 and 500 hPa 
(Figs. 5.31a,b, 5.32a,b, and 5.33a,b). Some horizontal patches of VIMFC anomalies are present 
over maritime areas along the northeast coast, corresponding to more precipitation as well. VIMFD 
  
118 
  
anomalies occur over the northwest and southwest of southern Africa in summer, and over South 
Africa country in autumn, corresponding to regions where  𝑃 − 𝐸 is almost 0 (Fig. 5.15a, b). In 
these regions, the moisture flux anomalies are weak (Figs. 5.31a,b, 5.32a,b, and 5.33a,b). Figure 
5.35a,b also show the export of VIMF anomalies to the north, and the import of VIMF anomalies 
to the south along the east coast. This indicates that a 2°C decline of SST weakens the import of 
moisture flux to the north and the export of the moisture through the coast.   
 
 
Figure 5.35: Seasonal differences (CTL – SMTH) of vertically integrated moisture flux 
convergence (positive values): a) summer (DJF), b) autumn (MAM), c) winter (JJA), and d) spring 
(SON). Arrows represent the direction of the vertically integrated moisture transport every 1°. 
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To assess whether the VIMF anomalies are due to climatological wind (circulation) anomalies 
or specific humidity anomalies, we decompose Equation 5.2 following the approach given by 
Seager et al. (2007):  
 
∫ 𝜌𝑎𝑖𝑟𝐻 ∗ ∇. (?̅?∆?̅?)
100ℎ𝑃𝑎
𝑃𝑠
𝑑𝑃……. (Eq. 5.3) is the convergence term and is estimated by the 
climatological wind difference between the two experiments, with the specific humidity of smooth 
SST experiment. 
 
∫ 𝜌𝑎𝑖𝑟𝐻 ∗ ∇. (?̅?∆?̅?)
100ℎ𝑃𝑎
𝑃𝑠
𝑑𝑃……. (Eq. 5.4) is the advection term and is estimated by the 
climatological specific humidity difference between the two experiments with the smooth SST 
wind. 
 
∫ 𝜌𝑎𝑖𝑟𝐻 ∗ ∇. (∆?̅?∆?̅?)𝑑𝑃
100ℎ𝑃𝑎
𝑃𝑠
 ……. (Eq. 5.5) represents the climatological wind and specific 
humidity differences. This term is found to be negligible compared to the convergence and 
advection terms (not shown). 
 
∫ 𝜌𝑎𝑖𝑟𝐻 ∗ ∇. (𝑢
′𝑞′)
100ℎ𝑃𝑎
𝑃𝑠
𝑑𝑃 ……. (Eq. 5.6) is the eddy transient and represents the anomalies 
(deviation from the mean) differences of VIMF between both simulations. 
 
Equations 5.2, 5.3, 5.4, and 5.6 correspond to Figures 5.35, 5.36, 5.37 and 5.38 respectively, 
and are analysed together. In summer and autumn, over land area, the VIMFC anomalies (Fig. 
5.35a,b) closely resemble the horizontal distribution of VIMFC anomalies due to the wind 
difference between the two simulations (Fig. 5.36a,b). The moisture transports anomalies have 
also similar directions (Figs. 5.35a,b and 5.36a,b). Along the southeast coast of South Africa, over 
the Agulhas Current, the VIMFD anomalies are dominant, due to the specific humidity difference 
(Fig. 5.37a,b). This result implies that a 2°C warm SST anomalies creates the moisture 
convergence anomalies over land due to wind anomalies, and this is favourable to more 
precipitation anomalies; and moisture divergence along the coast due to specific humidity 
difference and leading to less rainfall more evaporation anomalies. In summer and autumn (Fig. 
5.38a,b) eddy transient moisture anomalies contribute to increasing the VIMFD anomalies along 
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the northeastern coast of Southern African regions. This increase in VIMFD cancels out with the 
VIMFC due to the specific humidity difference (Fig. 5.37a,b). 
To summarise this section, in summer and autumn, the control experiment creates a 2°C warm 
SST anomaly, leading to a low-pressure system anomaly. This weakens the high pressure system 
and creates a cyclonic motion anomaly, transporting moisture anomalies from the ocean to the 
interior. The moisture flux penetrates the land through the South and eastern coast of South Africa, 
esecially where the Agulhas Current hugs the coast. The VIMFC differences and the 𝑃 − 𝐸 
differences are balanced, and this relationship shows the VIMFC anomalies due to wind anomalies. 
This leads to more precipitation anomaly in southern Africa. This result indicates that the Agulhas 
Current influences southern Africa precipitation. Over the ocean, the VIMFD anomalies due to 
specific humidity anomalies results in negative 𝑃 − 𝐸 anomalies (evaporation) with the overall 
effect being more continental precipitation. More precipitation above the continent will result in 
more geopotential anomaly up to 500 hPa leading to more cyclonic moisture flux anomalies.  
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Figure 5.36: Seasonal means of the convergence (positive values) of the smooth specific humidity 
(𝑄𝑆𝑚𝑡ℎ) multiplied with the horizontal wind difference between the control experiment and the 
experiment with the smoothed SST (𝑈𝐶𝑡𝑙 − 𝑈𝑆𝑚𝑡ℎ), computed following Equation 5.3. Overlaid 
are the corresponding vertically integrated moisture transports (arrows every 1°): a) DJF, b) MAM, 
c) JJA, and d) SON.  
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Figure 5.37: Seasonal averages of the convergence (negative values) of the SMTH wind (𝑈𝑆𝑚𝑡ℎ), 
multiplied with the horizontal specific humidity difference between the control experiment and the 
experiment with the smoothed SST (𝑄𝐶𝑡𝑙 − 𝑄𝑆𝑚𝑡ℎ), computed following Equation 5.4. Overlaid 
are the corresponding vertically integrated moisture transports (arrows): a) DJF, b) MAM, c) JJA, 
and d) SON.  
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Figure 5.38: Seasonal transient eddy moisture difference between the control and the smoothed 
SST run of the vertically integrated moisture flux anomalies, computed following Equation 5.6. 
Overlaid are corresponding vertically integrated moisture transports (arrows).  
 
5.3 DISCUSSION AND SUMMARY  
 
In this study, we have investigated the seasonal impact of the Agulhas Current using satellite data, 
the CFSR reanalysis (Saha et al. 2010), and two experiments of the WRF regional model 
(Skamarock and Klemp 2008). We have first validated the WRF and CFSR precipitation using a 
50-year climatology of Hewitson and Crane (2005), for land precipitation, and using TRMM PR 
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for maritime rainfall. WRF model overestimates the land precipitation for all seasons. This might 
be due to the sensitivity of WRF to the topography (see Chap. 4). In winter, WRF underestimates 
the rain along the coast above the Agulhas Current. This could be due to the understimation of the 
Agulhas Current by WRF, a common problem with atmospheric models. CFSR underestimates 
precipitation over land and ocean.  
We then investigate the seasonal impact of the Agulhas Current on low-level convergence and 
rainfall of South Africa. The first method is focused on the analysis of the pressure adjustment as 
in Chapter 4. The second method is based on the analysis of geopotential heights, moisture flux, 
and the approach given by Seager et al. (2007), in order to identify whether changes in moisture 
convergence between the two simulations are due to changes in climatological wind or 
climatological specific humidity. From the first analysis, we found a relationship between SST 
Laplacian, SLP Laplacian, and wind convergence for each season (see also Chap. 4). Thus, above 
the Agulhas region and adjacent coastline, the band of precipitation could be explained by the 
pressure adjustment at all season. We note a 45% increase of precipitation above the Agulhas 
Current in summer (DJF) and autumn (MAM) and a 35% increase of rainfall over the inland coast 
(not shown), and up to 25% increase of rain in winter (JJA) and spring (SON). As WRF model 
overestimates the land precipitation, this result could be link to the sensitivity of WRF to the 
topography. 
The second part of this chapter demonstrates that in summer and autumn, the Agulhas Current 
creates a low-pressure anomaly above the ocean extending to the land, weakening the anticyclonic 
motion of the Indian Ocean high pressure system. At 500 and 700 hPa, this anomaly is shifted 
inland probably because of the increase rainfall inland due to the increase transport of moisture 
flux from the ocean and the Agulhas Current to the interior. The 𝑃 − 𝐸 difference between the two 
simulations, and the vertically integrated moisture flux (VIMF) difference reveal that the VIMFC 
anomalies are due to the wind difference. We suggest that the warm SST due to the Agulhas 
Current is a key driver of this wind difference. The  resultant positive 𝑃 − 𝐸 difference leads to 
more precipitation anomalies. This indicates that over land in summer and autumn a 2°C created 
by the SST of the control run leads to more moisture flux convergence and therefore more 
precipitation. Thus, the Agulhas Current plays an important role in enhancing precipitation over 
the interior of southern Africa, by bringing more moisture flux to the interior, and along the coast 
by the pressure adjustment mechanism.  
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As modeling studies reproduce results in regard to input data, our main results could be due to 
the SST prescribed or our smoothing method. As futher work, it will be interesting to do the same 
analysis with the new climate reanalysis data such as MERRA-2 or the Japanese 55-year 
Reanalysis, to confirm our main findings.  
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CHAPTER 6 
 
6 DISCUSSION, CONCLUSIONS AND PERSPECTIVES 
 
The Agulhas Current is the strongest western boundary current in the Southern Hemisphere. The 
aim of this thesis is to investigate the impact of this warm Current on the South African region. 
We define four seasons: the austral summer (DJF), autumn (MAM), winter (JJA) and spring 
(SON). A first assessment is to evaluate whether the new climate reanalyses do represent the 
intense exchanges of ocean-atmosphere interactions, and to identify the drivers of the annual cycle 
of the turbulent flux of moisture (as known as turbulent latent heat flux (LHF)). To do that, we use 
high-resolution satellite data sets, in-situ observations, and climate reanalyses. The second part of 
the thesis is based on the annual influence of the Agulhas Current on South Africa precipitation, 
using high-resolution data sets, a climate reanalysis and a numerical model. The last part of this 
study is a follow up of the role of the Agulhas Current on precipitation, at the seasonal scale. 
We investigate the seasonal cycle of the turbulent flux of moisture in Chapter 3 from 2003 to 
2007. We find that in the Agulhas Current region, LHF is large all year long, but the highest values 
are during winter (~250 W.m-2) around the Agulhas Retroflection region (19-20°E; 38-39°S), and 
the lowest are during summer (~150 W.m-2) off Port Elizabeth (25-26°E; 34.5-35.5°S) (Fig. 3.1). 
Our result is consistent with the study of Liu et al. (2011) who showed that large LHFs were 
encountered in the Agulhas Retroflection region. We compare the new climate reanalyses and the 
observations of the National Oceanography Centre Southampton (NOCS, Berry and Kent, 2011) 
with satellite data sets. We find that the Climate Forecast System Reanalysis (CFSR, Saha et al. 
2010) and the Modern-Era Retrospective analysis for Research and Applications (MERRA-2, 
Gelaro et al. 2017) do represent the intense exchange of moisture from ocean to atmosphere well, 
when compared to the high-resolution air-sea turbulent fluxes (SEAFLUX, Curry et al. 2004). 
ERA-Interim reanalysis (Dee et al. 2011) underestimates the LHF, and the annual cycle of NOCS 
LHF is reversed, with a maximum in summer and a minimum in winter, when compared to 
SEAFLUX. Rouault et al. (2003) showed that models tend to underestimate the LHF if they are 
unable to adequately represent the air-sea fluxes over the warmest waters in the Agulhas Current 
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system. The recent study of Parker (2016) shows that reanalyses are closer to observations even 
though they have limitations due to observational constraints. There is not a “reference” for the 
LHF, but it is worthy to note that SEAFLUX could be considered as a reference, because of its 
high-resolution, and the good representation of the SST and wind speed when compared to satellite 
products. 
To estimate uncertainties within the products, we use the high-resolution satellite products 
Moderate Resolution Imaging Spectroradiometer data set (MODIS, Kilpatrick et al. 2015) as a 
reference for SST, and the Scatterometer Climatology of Ocean Winds (SCOW, Risien and 
Chelton, 2008) as a reference for surface wind speed and direction. CFSR, MERRA-2, ERA-
Interim, and NOCS SST are similar to MODIS SST (Fig. 3.6), and their corresponding surface 
specific humidities (Qsst) are well represented compared to MODIS Qsst (Fig. 3.10). We 
recalculate the wind speed of CFSR, MERRA-2, ERA-Interim and NOCS to 10 m equivalent 
neutral wind using the Bourassa-Vincent-Wood neutral (BVWN) algorithm (Bourassa et al. 1999) 
for a better comparison with the satellite remote sensing SCOW. In the Agulhas region, CFSR and 
MERRA-2 wind speed compare well with SCOW wind speed, ERA-Interim is weaker than 
SCOW, and NOCS is stronger in summer and weaker in winter compared to SCOW (Fig. 3.9). 
Therefore, ERA-Interim, and NOCS underestimate the LHF, due to their lower wind speed, 
especially in winter. There is no reference for the air specific humidity (Qa). However, we use 
SEAFLUX Qa to evaluate the air specific humidity of reanalyses. We readjust CFSR and ERA-
Interim Qa from 2 m to 10 m height using the BVW algorithm. MERRA-2 and NOCS Qa are 
available at 10 m. We note that Qa is different between products (Fig. 3.11), and constitutes a 
major source of uncertainty in the calculation of LHF. Other sources of specific uncertainties for 
the reanalyses are incomplete accounts of the surface current speed. Looking at the annual mean 
of the Agulhas Current from the GlobCurrent data repository, the surface current speed can be 
more than 1.5 m.s-1. During the Agulhas Current Air-Sea Exchange Experiment (ACASEX, 
Rouault et al. (1995)), surface current speeds of up to 2 m.s-1 were measured. Thus neglecting a 2 
m.s-1 current speed at a near-surface wind speed of 4 m.s-1 may lead to a 50% error in the LHF 
estimation. The differences in LHF can also be explained by the diversity of algorithms; different 
bulk flux algorithms (e.g., Brunke et al. (2003)); different sources of the input meteorological state 
variables (e.g., Curry et al. (2004)); differences in the boundary conditions, and differences in the 
procedures for in-situ data collection. Differences can, moreover, arise from the averaging 
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methodology to obtain monthly means. For the satellite-based products, the retrievals of air 
temperature and air specific humidity at the surface continue to be problematic in regions with 
strong vertical gradients (Smith et al. 2011).  
To identify the drivers of the annual cycle of LHF within the Agulhas Current system, we use 
the SEAFLUX product. We recalculate the LHF using a) a monthly climatology of the difference 
in specific humidity (Qsst-Qa) and the annual mean of wind speed (LHF_Qclim), and b) a monthly 
climatology of wind speed and the annual mean of Qsst-Qa (LHF_Uclim) (Fig. 3.15). We selected 
three locations of 1° longitude and 1° latitude: off Durban (31.5-32.5°E; 30-31°S) representing the 
eastern part of the Agulhas Current; off Port Elizabeth (25-26°E; 34.5-35.5°S) representing the 
middle of the Agulhas Current and the Retroflection area (19-20°E; 38-39°S). The analysis of 
SEAFLUX product within the three locations show that the main driver of the annual cycle of LHF 
off Durban is the specific humidity, with a correlation of between 0.96 LHF and LHF_Qclim, 
while it is the wind speed in the Retroflection region with a correlation of 0.85 between LHF and 
LHF_Uclim, and a combination of the wind speed and specific humidity between Durban and the 
Retroflection region. CFSR reanalysis is used for the second part of the study because it represents 
the ocean-atmosphere interactions well in the Southern Ocean compared to other reanalyses. 
We use the reanalysis CFSR (from 2001 to 2005), numerous satellite data sets and two 
experiments of the Weather Research and Forecasting model (WRF, Skamarock & Klemp, 2008) 
to understand how the warm SST associated with the Agulhas Current affects the low-level 
atmosphere and rainfall annually (Chapter 4) and seasonally (Chapter 5). The two numerical 
experiments used over the period 2001 to 2005 are one with a high-resolution SST in the core of 
the Agulhas Current, and the other with the SST reduced by ~2°C in the Agulhas region. Using 
the high-resolution Tropical Rainfall Measuring Mission Precipitation Radar (TRMM PR, Biasutti 
et al. 2012), we show that there is a rainband above the Agulhas Current, also observed with the 
CFSR reanalysis and the WRF control experiment. This is consistent with the measurements of 
Lutjeharms et al. (1986), and Rouault et al. (2000) who observed a cloud line just above the 
Agulhas Current, around 1500 m in the lower troposphere, and concluded that this cloudband is 
due to the Agulhas Current. Our results indicate that the sharp SST gradients are responsible for 
the formation of the rainband and drive a local narrow overturning circulation in the lower 
troposphere. Berthou et al. (2016) studied the submonthly impact of air–sea coupling on 
precipitation in the Western Mediterranean basin. They found that the sensitivity of precipitation 
  
129 
  
to SST changes is due to low-level wind changes related to changes in surface heat fluxes. A closer 
study made on the region of Valencia (Spain) showed that there are lagged influence of mistral 
wind on heavy precipitation over the region through ocean-atmosphere coupling (Berthou et al. 
2018). From a diagnostic of the pressure adjustment mechanism (Lindzen and Nigam, 1987; 
Minobe et al. 2008), we found that SST Laplacian, SLP Laplacian, and wind convergence are 
linked (Figs. 4.3 and 4.5). This relationship contributes to enhancing a band of precipitation along 
and above the Current also found by Minobe et al. (2008) above the Gulf Stream. Recent studies, 
however, indicate that the anchoring of precipitation over the Gulf Stream front is mainly 
associated with atmospheric frontal precipitation associated with synoptic-scale extratropical 
cyclones (O’Neill et al. 2017; Parfitt et al. 2016, Sheldon et al. 2017; Vannière et al. 2017, Small 
et al. 2018). A similar mechanism probably acts over the Agulhas Current, as a large part of the 
rainfall here is also related to atmospheric fronts (Catto et al. 2012). From the numerical 
experiments, we found that annually, ~2°C decline of SST leads to ~40% reduction of maritime 
precipitation along the eastern coast of South Africa above the Agulhas Current, and ~20% 
reduction of rainfall along the inland coast. Thus, it is important to resolve the fine structure of the 
Agulhas Current in order to quantify its impact on the regional climate.  
Finally, in Chapter 5, we validate the seasonal cycle of WRF and CFSR precipitation, and we 
investigate the pressure adjustment mechanism, as well as the relationship between geopotential 
heights, moisture flux, and 𝑃 − 𝐸 budget according to Seager et al. (2007). The WRF model 
overestimates by 3 mm.d-1 the land precipitation for all seasons (Fig. 5.6), compared to the 
climatology of Hewitson and Crane (2005). This is due to the sensitivity of WRF to the 
topography. In winter, WRF underestimates the rain above the Agulhas Current by 2 mm.d-1, 
compared to TRMM Precipitation Radar. CFSR reanalysis (Fig. 5.7) underestimates the 
precipitation over land and ocean compared to the climatology of Hewitson and Crane (2005) and 
TRMM Precipitation radar. The analysis of the pressure adjustment reveals a strong SST 
Laplacian, wind convergence and SLP Laplacian for all seasons (summer, autumn, winter, and 
spring), corresponding to the rainband above the Agulhas Current during these seasons. This 
causes enhanced precipitation over the maritime and inland coastal regions. The analysis of WRF 
shows that a 2°C SST decline weakens the SST Laplacian, SLP Laplacian and wind convergence. 
This leads to less precipitation along the coast. The model studies of Small et al. (2018) and 
Desbiolles et al. (2018) in summertime using high and low-resolution SST showed the strong 
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control of the high-resolution SST on the summer precipitation in the Southern Ocean. This is also 
observed in our study, using the two WRF experiments. Moreover, Small et al. (2018) showed that 
summer precipitation over the major western boundary currents is due to storm tracks over these 
regions. This could strengthen the anchoring of the rainband above the Agulhas Current. To 
improve the seasonal forecasts over South Africa, Ratnam et al. (2016) carried out a dynamical 
downscaling of the Scale Interaction Experiment–Frontier Research Center for Global Change 
(SINTEX-F2v CGCM) forecasts using WRF Model. The WRF Model was forced by the mean 
bias-corrected SINTEX-F2v CGCM ﬁelds. The mean bias correction was to replace the SINTEX-
F2v 6-hourly climatology with the corresponding 6-hourly ERA-Interim climatological ﬁelds. 
Ratnam et al. (2016) showed that the WRF Model driven by the bias-corrected SINTEX-F2v ﬁelds 
had the higher skill in precipitation forecast compared to both the SINTEX-F2v and the WRF 
Model forced by the uncorrected SINTEX-F2v ﬁelds, and the last simulation showed higher skill 
compared to the SINTEX-F2v.  
Reason et al. (2006) showed that the moisture flux enters Southern Africa through three 
different coastal areas: the tropical western Indian Ocean, the southwestern Indian Ocean, and the 
southeastern Atlantic Ocean. In this study, we are interested in the sources of moisture across the 
southwestern Indian Ocean, surrounding the northeastern part of southern Africa, and the moisture 
source from the southeastern Atlantic Ocean. At 950 hPa in summer and autumn, the moisture flux 
flows from southwestern Indian Ocean to the landmass, and along the coast above the Agulhas 
Current (Fig. 5.26a, b). At 850 hPa, the moisture circulation is landward northeast of South Africa, 
but in the core of the Agulhas Current, the moisture leaving the continent tends to balance the 
quantity entering South Africa (Fig. 5.27a, b). During winter, the moisture flux comes from the 
Atlantic Ocean (Fig. 5.27c). At 700 and 500 hPa, the large incoming moisture source is the 
southeast Atlantic Ocean for all seasons (Figs. 5.28 and 5.29). We found good relationships 
between the geopotential height anomalies and the moisture flux transport anomalies at 950, 850, 
700 and 500 hPa. Negative geopotential height anomalies form a low-pressure system, resulting 
in a cyclonic motion extending from Indian Ocean to landmass. This phenomenon brings positive 
moisture flux anomalies from the Agulhas Current across the east coast of South Africa to the 
interior, with a maximum in central South Africa. Moisture flux anomalies then disappear through 
the Mozambique Channel. Thus, a 2°C decrease in SST weakens the inflow of moisture, entering 
South Africa from the Agulhas Current, and therefore less precipitation.  
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Finally, we calculate the vertically integrated moisture flux convergence (VIMFC) from the 
surface to 100 hPa. The VIMFC is transported from the southwest Indian Ocean to the southern 
African landmass. Ratnam et al. (2015) have shown the same result in the Southern Ocean, by 
using ERA-Interim reanalysis. In addition, based on the method of Seager et al. (2007), we show 
that in summer and autumn, the VIMFC difference between the two simulations correspond to 
positive 𝑃 − 𝐸 anomalies over land (Figs. 5.15 and 5.35) and lead to more precipitation anomalies 
there. The VIMFC anomalies correspond to the VIMFC anomalies due to the wind difference 
between the two simulations (Fig. 5.36). Meanwhile, above the Agulhas Current, the VIMFD 
anomalies indicate negative anomalies of 𝑃 − 𝐸 and therefore more evaporation (Figs. 5.15 and 
5.33). In this case, the VIMFD anomalies correspond to the VIMFD anomalies due to the specific 
humidity difference between the two experiments (Fig. 5.37). The limitation of this study is that I 
have not been able to run more than two simulations for my study. But interestingly, there are 
some studies done with more WRF simulations by Koseki and Demissie (2018) and Koseki et al. 
(2018), as follow up of Nkwinkwa Njouodo et al. (2018). In the former study, Koseki et al. (2018) 
investigated the diurnal cycle of precipition in Southern Africa using 3 WRF simulations: one with 
the Agulhas Current, one with the Smoothed SST and the last simulation without the Drakengsberg 
mountain. They concluded that the diurnal cycle is mostly due to the Drakengsberg during the day, 
and the Agulhas Current plays a second role in producing rainfall along the inland east coast of 
South Africa from midnight to early morning. 
With regard to the turbulent latent heat flux, further work will involve investigating the influence 
of the difference between satellite and equivalent neutral wind versus real wind, on the turbulent 
latent heat flux estimation, and on the associated seasonal variability. Moreover, it is necessary to 
examine the increase in turbulent latent heat flux derived from the products, its impact on extreme 
events, as well as the relationship between the heat flux derived from each product and variability 
of the Agulhas Current. To do that, climate reanalyses and modeling studies are recommended to 
take into account the core of the Agulhas Current speed that is 1.5 m.s-1, and to quantify well the 
specific humidity east of the Agulhas Current, the wind speed in the Retroflection area, and both 
parameters in between. Concerning our model study, the convective-radiative feedback has not 
been activated following Alapaty et al. (2012). This could deeply modify latent heat fluxes under 
cloud cover and alter in the end the estimation of the Agulhas Current effects on the regional 
climate and rainfall. As future work, we will run a simulation that considers this effect, to have a 
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more accurate rainfall as the WRF model tends to overestimate precipitation. It will be useful to 
run a high-resolution simulation with and without the influence of El Nino Southern Oscillation, 
to ascertain whether the decrease of precipitation in South Africa is due to the strongest western 
boundary current in the Southern Hemisphere. It is also important to study the impact of the 
Agulhas Current on tropical temperate through, cold fronts and low-pressure systems that form 
offshore Durban. As further work, we also think of a long-term analysis of current and future 
effects of the Agulhas Current on the region, by using CFSR reanalysis since 1979 and high-
resolution coupled model that allow to represent the Agulhas Current as outputs used for climate 
projections do not include the Agulhas Current. Also by using outputs of the climate projections 
taken from Coupled Model Intercomparaison Project version 5 or 6 (CMIP5/6) that could include 
changes in regional sea surface temperature, latent heat fluxes and atmospheric circulation under 
increasing anthropogenic influence, if these models represent well the Agulhas Current.  
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